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PREFACE 


Teaching reinforced concrete design, carrying out research relevant to the behavior of 
reinforced concrete members, as well as designing concrete structures motivated the 
preparation of this book. The basic objective of this book is to furnish the reader with 
the basic understanding of the mechanics and design of reinforced concrete. The 
contents of the book conform to the latest edition of the Egyptian Code for the Design 
and Construction of Concrete Structures ECP-203. The authors strongly recommend 
that the Code be utilized as a companion publication to this book. 

The book is aimed at two different groups. First,, by treating the material in a logical 
and unified form, it is hoped that it can serve as a useful text for undergraduate and 
graduate student courses on reinforced concrete. Secondly, as a result of the continuing 
activity in the design and construction of reinforced concrete structures, it will be of 
value to practicing structural engineers. 

Numerous illustrative examples are given, the solution of which has been supplied so 
as to supplement the theoretical background and to familiarize the reader with the 
steps involved in actual design problem solving. 

In writing the book, the authors are conscious of a debt to many sources, to friends, 
colleagues, and co-workers in the field. Finally, this is as good a place as any for the 
authors to express their indebtedness to their honorable professors of Egypt, Canada 
and the U.S.A. Their contributions in introducing the authors to the field will always 
be remembered with the deepest gratitude. 

This volume contains the following chapters 

• Solid slabs 

• Hollow block slabs 

• Paneled beams 

• Flat slabs 

• Reinforced concrete stairs 

• Short columns 

• Eccentric sections 

• Slender columns 

• Reinforced concrete Frames 

It also includes appendices containing design aids. 
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SOLID SLABS 


1.1 Introduction 

Reinforced concrete solid slabs are used in floors, roofs and as decks of bridges as 
shown in Photo 1.1. Slabs may span in one direction or in two directions depending on 
the slab dimensions and the surrounding supporting elements. Slabs spanning in one 
direction are referred to as one-way slabs while those spanning in two directions are 
referred to as two-way slabs. 


Photo 1.1 Burj Dubai during construction (2007) 
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1.2 One-Way Solid Slabs 

1.2.1 Definition 

One-way solid slabs are extensively used in buildings, especially for spans less than 4 
meters. To be classified as a one-way slab, the ratio of the long side to the short side 
of the slab panel must exceed 2. They are referred to as one-way slabs because the 
bending is mainly in the short direction. Typically, a lm wide strip of the slab is 
analyzed and the reinforcement required for this strip is used in all parts of the slab. 


cantilever slabs main direction 



1.2.2 Structural Behavior 

The direction in which the slab bends is called the main direction as shown in Fig 1.1. 
The main reinforcement is placed in this direction as illustrated in Fig. 1.2. 

For a one-way slab supported on four beams like the one shown in Fig. 1.2, the strip 
near the middle acts as a one-way slab. However, at the slab parts near the edges, 
some of the load is transferred in the longitudinal direction producing a two-way slab 
action. Thus, top reinforcement should be added on each' side of the girder to account 
for this action. If this reinforcement is ignored, wide cracks may develop on the top of 
the slab along edges (A-B) and (A'-B') 


Secondary reinforcement 


Main reinforcement direction 



Fig. 1.2 Structural action of one-way slabs 


The load transferred to the perpendicular direction is almost equal to zero except near 
the edge beams {Beams AB and A'B % Thus, a secondary mesh is requrred rn thrs 
direction (as shown in Figs. 1.2 and 1.3) to carry this small portron and to keep the 
main reinforcement in place. Also, the secondary reinforcement rs placed to control 
cracks produced by shrinkage or temperature changes and to help m distributrng 
concentrated loads transversely. 


Fig. 1.1 One-way slabs 
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a- Simply supported b- Continuous 


Fig. 1.3 One-way slabs supported on two sides 

It should be noted that if a slab panel is supported only on two sides, it would act as 
one-way slab regardless of the ratio of the long side to the short side. Figures 1.3.a and 
1.3.b show examples of slabs act as one way because of having supporting beams on 
two sides only. 

1.2.3 Effective Span 

The effective span (L e g) for solid slabs is given by the following equation 
max of i ^ c ^ etir 5 

= min of . maX0 j l.05xL cteir for simple or continuous slabs .(1.1) 

CL to CL (L) 


= min of 


^ clear L 


edge to CL (L) 


for cantilever slabs 


( 1 . 2 ) 



Continuous span « Cantilever span 


Fig. 1.4 Effective spans for solid slabs 
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1.2.4 


Minimum Thickness 

The depth of solid slabs is usually controlled by deflection rather than flexural 
strength requirements. The ECP-203 gives the minimum thickness for one-way slabs 
reinforced with high grade steel in which the deflection calculations can be ignored as 
listed in Table 1.1. 

Table 1.1 (L„/t)* ratios for members spanning less than 10 meters or cantilevers 
spanning less than 2m (£,=400 N/mm 1 ). (Deflection calculations can be ignored) 


Element 

Simply 

supported 

One end 

continuous 

Two ends 

continuous 

Cantilever 

Solid slabs 

25 

30 

36 

10 

Hidden Beams 

and hollow blocks 

20 

25 

28 

8 


*L n is the clear span. 


The values listed in Table (1.1) are valid when using high grade steel 400/600. In the 
case of using other types of reinforcing steel, the values mentioned in Table 1.1 should 
be divided by factor i!j, given by: 

£ = 0.40 + ^- .....-O- 2 ) 

s 650 ’ 

2 

Where £ is the yield strength of reinforcing steel in N/mm . 

The code also provides an absolute minimum thickness for one-way slabs 

LI 30 simple span 

t.. = {L! 35 continuous from one end .(1-3) 

min 

LI 40 continuous from two ends 

where L is the effective span 

In addition, the absolute minimum thickness should not be less than 80 mm for slabs 
subjected to static loads and 120 mm for slabs subjected to dynamic loads. The 
aforementioned thickness can be reduced in case of prefabricated slabs. To satisfy 
serviceability requirements for corrosion and fire protection, the concrete cover should 
not be less than 20mm. 
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1.2.5 Bending moments 

The exact solution for determining the bending moment distribution of solid slabs is 
complicated. In the case of equal spans with a maximum difference of 20% with equal 
uniform loads and the live loads are less than the dead loads (p<g), the Egyptian Code 
gives the following values: 

For slabs with two spans 

w u =1.4 (y c xt s + flooring)+ 1.6w LL 



The value of the factor k is given in Fig. 1.5. 



10 10 


Fig. 1.5 k-factor for continuous slabs with two spans 
For slabs with three spans or more 



The value of the factor k is given in Fig. 1.6. 


10 12 12 



10 12 12 


Fig. 1.6 k-factor for continuous slabs with three spans or more 

In the case of unequal continuous one-way slabs, the bending moment can be obtained 
using classical structural analysis or computer programs. In this case, the negative 
bending moment over supports can be reduced according to a parabolic distribution by 
M|/2, where Mi is the difference between the bending at the centerline and that at the 
support face as shown in Fig. 1.7. 
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Fig. 1.7 Negative moment reduction in solid slabs 


The structural analysis of the slabs shown in Fig. 1.8 may lead to a negative moment 
at midspan of the interior bay. However, the Egyptian Code requires^ that a minimum 
positive bending moment at any span should not be less than w u L/16 as shown in 
Fig. 1.8. 




Fig. 1.8 Minimum positive bending moments in one way slabs 

In case of slabs subjected to heavy live loads, the sections at midspan should be 
designed to withstand a negative bending moments in addition to a positive bending 
moment. The negative moment at midspan equals 



where g is the dead loads, p is the live loads, and L is the effective span 
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Example 1.1 , _ . 

Compute and draw the reinforcement details for the reinforced concrete Aoot shown 
in the figure below. The floor is to be designed to carry a live load of 3 kN/m and a 
flooring material of 1.5 kN/m 2 using concrete strength of 30 N/mm and yield strength 
of steel of 400 N/mm 2 . Consider the width of all beams to be 250 mm. 



Solution 

Step 1: Estimate the thickness of the slab 

The plan consists of one way slabs. Assume that the slab thickness t s is 120 mm for all 
slabs in the floor and will be checked as follows. 

For one way slab, the minimum thickness is given by 

LI 30 simple span 
LI 35 continuous from one end 
LI 40 continuous from two ends 
Slabs Si and S 3 are-one way slabs continuous from one end thus 


L_ 

35 


3.0x1000 ... 

-= 86 mm (<t s ....o.k) 

35 


Also for deflection calculations may be ignored if the thickness is greater than the 
values listed in Table 1.1. For the solid slab panel that is continuous from one side 
with^,=400 N/mm 2 

t _ L dar _ (3.0 - 0.25) x 1000 _ 91 mm <t (Deflection calculation is not necessary) 

mi- 30 30 


i 

i 

i 

i 

i 

i 

—l 


O 

i 


L c =2.75 m 


i 

i 

i 

i 

i w=l 1.1 kN/m' 

w=l 1.1 kN/m’ 

w=ll.l kN/m' 


M 


© 

- n^= 

i 

i 

nr .^ 

i 

i 3.0 

- 

i 

i 3.0 

i ! 

i 3.0 ! 

T--1 


Step 2: Calculate the effective span 

Since the width of all beams is 250 mm, the clear span is equal to 
L c iear = L-0.25 

where L is the centerline to centerline distance 
For the interior panel, the effective span is equal to 




max of 


= min < 


| (4tar +/ * 

[l .05 x L dar 


CL —> CL 


L cff = 


max of 


(3 -0.25) + 0.12 = 2.87 m 
1.05 x (3-0.25) = 2.89 m 


3 m 


L e f= 2.89 m 
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Step 3: Calculate the Loads 

g s = slab weight + flooring = x r s + flooring = 25x0.12 + 1.5 = 4.5kN / m 2 
p s = Live loads =3kN / m 2 
w u =1-4 g s +1.6 p s 

w„ = 1.4x4.5 +1.6x3 = 11.10 kN Im 1 

Taking a strip width of lm (b=1000 mm), the load acting on this strip is equal to 
w su = w u xl = 1 l.lOWV/m' 

Load transferred in x-direction =11.1 kN/m 2 (main direction) 

Load transferred in y-direction = 0 (secondary direction) 

Step 4: Bending Moments 

Since the slab is continuous with equal spans and equal loading, the bending moments 
can be obtained using code coefficients as follows 

w„ x Lf 

M = —-£- 

“ k 


Loading 


Moment 

factor 


Wu/rib-11.10 kN/m' 


Bending 

moments 

(kN.m) 



Critical 

sections 
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Step 5: Design of reinforcement 

Assuming concrete cover of 20 mm 
d= 120-20 =100 mm 

A = — xbxd= — x 1000x100 = 150 mm 2 

lml " f y 400 

Design of Section 1 

M. ve = 9.25 kN.m, using the design aids namely R-co curve 

R = M -i— = — 9 : 25x ---= 0.0308 

fjbd 2 30xl000xl00 2 

From the curve, co=0.037 

A =eo^-bxd = 0.037-x 1000x100 = 276 mm 1 >A s , rai „ 

! f 400 

J y 

use (2.5 0> 10 + 2.5 8/m') A s-chosen =322 mm 2 

Design of Section 2 

M+ve=7.71 kN.m, and using R-oa curve 

7.71x 10‘— _ Q 0257 
f cll bd 2 30x lOOOx 100 2 

From the curve, co=0.030 

f 30 

A =w J -^-bxd =0.030-x 1000x 100 = 229 mm 2 >A s , min 

5 f y 400 


use (5 8/m') 


As,chosen 250 mm 


Because the slabs are one-way in the x-direction, the moment in the y-direction equals 
to zero. However, a secondary reinforcement mesh with cross sectional area of at least 
25% of the main steel should be provided. 

Use (5 <D» 8 Ira’). 
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1.3 Two-Way Slabs 

1.3.1 Definition 

To classify a slab as a two-way slab, the length of the long side should be less than 
twice the length of the short side. The short direction is considered the main direction 
because most of the load is transferred in this direction. The main reinforcement is 
arranged in the short direction and the secondary reinforcement is arranged in the long 
direction. Two-way slabs are those that bend in double curvature as shown in Fig. 1.9, 
and thus require steel reinforcement in two directions to prevent excessive cracking 
and to limit deflections. The reinforcement is normally positioned parallel to the side 
of the slab in both directions. The position of the reinforcement is determined by the 
curvature of the slab. The top steel is placed in the negative curvature areas and the 
bottom steel in the positive curvature areas. 



1.3.2 Elastic Analysis of Plates 

Textbooks dealing with the theory of elasticity such as the one by Timoshenko and 
Krieger contain exact solutions for two-way slabs. The fundamental assumption used 
in the analysis of plates under pure bending is that the deflection of the plate (z) is 
small in comparison to its thickness t. The basic differential equation for the uniformly 
loaded-simply supported rectangular plate shown in Fig. 1.10 is given by 


g 4 z d 4 z d 4 z 

dy 2 + dy* D 


(1.5) 


where z is the deflection of the plate, w is the uniform load and D is the flexural 
rigidity of the plate (similar to El in beams) and is given by 


D = 


Et 3 

12(l-v 2 ) 


( 1 . 6 ) 
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where E is the modulus of elasticity of the plate, t is the plate thickness and v is 
Poisson's ratio. 



Fig. 1.10 Elastic analysis of plates 


Solving the previous differential equation gives the deflection of the plate. The 
solution must satisfy the conditions at the boundaries of the plate. For example, for a 
simply supported plate the deflection z along the edges must equal to zero (z—0 and 
M x =0 @ x=0 and x=a). Levy presents one of the famous solutions for this problem in 
1899 in the form of a series of sin curves as follows: 



. mn x 

sin- 

a 


(1.7) 


where Y m is function of y only and determined to satisfy the boundary condition. 
Having determined the deflection equation, the developed bending moments in the 
plate can be obtained using the following relations: 


M x = -£> 




( 1 . 8 ) 


M y =-£> 




M xy = -M yx =D(\-v) 


d 2 z 

dx dy 


..(1.9) 

.( 1 . 10 ) 


where ^z/dx 2 is the curvature of the slab in x direction, and c^z/Sy 2 is the curvature in 
y direction. A positive curvature corresponds to a curve that is concave downwards. 
The magnitude of the moment is proportional to curvature. Equation 1.5 can be 
written in the following form: 


• 8 2 M„ 2 & M *y , 92M y 

dx 2 dx dy dy 2 


~ —W 


( 1 . 11 ) 


This form indicates that in plates the load w results in: 

• Bending moments in strips running in the x-direction (M x ) 

• Bending moments in strips running in the y-direction (M y ) 

• Torsional moments (M^) 



Photo 1.3 Preparation of reinforcement of solid slabs 
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1.3.3 Load Distribution Factors According to ECP 203 

As has been shown in 1.3.2, the exact analysis of two-way slabs is complicated and 
involves many mathematical computations. However, for simplicity a strip of 1.0 m 
width can be analyzed in each direction as a wide beam. The bending moments 
resulting from the analysis of such a strip is quite different from those obtained using 
the exact plate analysis mentioned in section 1.3.2. This is attributed to the disregard 
of the torsional moment represented by the term cfzfdxdy. For example, for a 
uniformly loaded-simply supported square slab, the load transferred in x direction •, 

equals the load transferred in y direction (=w/2). Thus, the maximum bending 
moments developed in a strip of 1.0 m width of the slab is equal 

Q»/2)xa^ a8 0 5 w_xgl .(U2) 

8 8 

However, according to the theory of plates the maximum bending for square plate 
(v=0.2, Poisson's ratio for concrete) is only equal to 

0.044 wa 2 = 0.35 .( U3 ) j 

The difference is quite large (%30) and attributed to the torsional moments developed 
in the plate. As the rectangularity ratio increases the load transferred in the short 
direction increases and the load transferred in the long direction decreases. The 

theoretical analysis of the plates is the basis of the values adopted in the Egyptian 

code in which the bending moment of a simply supported slab equals 

M a = ( W a ^ a - (short direction ) 

...(1-14) 

M h = — ^ —— (long direction) 

8 

where a and p represent the percentage of loads causing bending moments in each 
direction. 

Comparing Eq. 1.13 to Eq. 1.14 gives a=0.35 for square plates, which is identical to 
the value adopted by the Egyptian code. Table 1.2 shows the ECP 203 values for a 
and p for different plate rectangularity ratios. The slab load w„ transferred in the short 
direction is denoted as w 0 and the load transferred in the longitudinal direction is 
denoted as w p as shown in Fig. 1.11, where 

w a =a-w u .(1.15.a) 

w fi =j3-w u .. .(l.lS.b) 

The distribution factors a and P can be also represented by following set of equations 
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The load transferred in each direction is affected by the continuity condition of the 
adjacent slabs. This was taken into consideration when determining the rectangularity 
ratio of slabs by using the coefficient m. The value of m depends on the support 
condition and is defined as the ratio between the two inflection points to the effective 
span. This coefficient is applied in each direction (a, b) to determine the effective 
rectangularity ratio r as follows 


where 




simple span 

continuous from one end 
continuous from two ends 


(1.17) 


(1-18) 
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The use of the values listed in Table 1.2 is limited to slabs with live loads not more 
than 5 kN/m 2 . If the live loads exceed this limit, the value of a and (3 should be taken 
from Table 2.4 in which the torsional moment is neglected. 

Two-way slabs designed according to the previously mentioned procedure have 
proven over the years a very satisfactory performance under service loads. This is 
attributed to the stress redistribution at higher loads. As a result, the design of two- 
way slabs is generally based on empirical moment coefficients even for unequal 
spans, which might not give actual prediction of the stresses but give the total amount 
of reinforcement. That is why they say, “the total amount of reinforcement in a slab 
seems more important than the exact distribution The designer can clearly establish 
his design on numerical analysis or on a finite element method as long as they meet all 
the ECP 203 requirements for deflection, cracking and reinforcement. 


1.3.4 Minimum Thickness 

To control cracking, deflection and to ensure good performance for two-way slab, the 
code states that the minimum thickness t min should be 

al 35 simple span 

t m i„ = • a/40 continuous from one end .(1.19) 

a/45 continuous from two ends 
where a is the short effective span 

Although thin reinforced concrete two-way slabs have high flexural resistance, their 
deflections are often large. From the deflection point of view, the thickness is 
considered acceptable if it is greater than t calculated using the following equation 


f f ) 

a 0.85+ — iL — 

l 1600J 

t =-+-—>100 mm 

15 + 20/(6 /a)+ 10 f 


Where a is the span in the short direction, b is the span in the long direction, p p is the 
ratio between the perimeter of the continuous edges to the total perimeter, and f y is the 
steel yield strength N/mm 2 . It is clear that the slab thickness required for deflection 
considerations is higher in case of square slabs with large spans. For example, a slab 
reinforced with high-grade steel and continuous from all edges with dimensions of 
(5mx5m) requires 122 mm thickness, while a slab with dimensions of (6m x 6m) 
requires 146 mm. 
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Fig. 1.12 Minimum thickness of 2-way slabs for deflection control 


(1.21a) 


(1.21b) 


• At least one third of the reinforcement must extend from the support to the 
support. 

• The maximum distance between bars is 200 mm 

• The area of the secondary steel mesh should be at least 20,% of the main 
area of steel with a minimum of 4 bars per meter. 

• The minimum bar diameter is 6 mm for straight bars and 8mm for bent bars. 

• Slabs with a thickness of more than 160 mm should be reinforced with top 
steel mesh not less than 20% of the main steel with a minimum of 5«t»8/m' 
for mild steel and 5<j)6/m' for high grade steel. 

• Under normal conditions and for spans that do not differ more than 20%, 
half of the reinforcement can be bent at the fifth of the clear span and 
extends to the adjacent span one fourth the bigger of the two spans as shown 
in Fig. 1.13. 
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bigger of bigger of 
L ci /4 or W4 W4 or La/4 
L__ 



A. Minimum code requirement for bar extension 


Fig. 1.13a Reinforcement details for solid slabs 


B. Example of reinforcement for two-way slabs 



Fig. 1.13b Reinforcement details for solid slabs 


1.3.6 Comer Reinforcement 

Twisting moments are developed at the comers of exterior two-way slabs. The 
magnitude of these moments is usually small for slabs spanning less than 4 to 5 
meters. However, for bigger spans (>5 ms) these moments tend to crack the slab 
Special reinforcement should be added to control cracking and to resist the torsional 
moments. Bottom bars are placed perpendicular to the slab diagonal while top bars are 
placed in the direction of the diagonal as shown in Fig. 1.14.a. Alternatively, the 
diagonal reinforcement can be replaced by top and bottom mats as shown in Fig. 
1.14.b. The amount of this reinforcement can be taken as the same area and the 
spacing as the main positive reinforcement (per meter). The reinforcement should 
extend about one fifth of the clear span in either direction as shown in Fig. 1.14. 



Fig. 1.14 Corner reinforcement at an exterior two-way slab 
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Example 1.2 

A reinforced concrete floor is to be constructed as shown in Fig. EX 1,2. Beams with 
a cross section of (250 mm x 600 mm) are provided on all column lines. The floor is 
to be designed to carry a live load of 3 kN/m 2 and a flooring material Of 2 kN/m 2 using 
concrete strength of 25 N/mm 2 and reinforcing steel having a yield strength of 360 
N/mm 2 . Calculate and draw the reinforcement required for the floor. 


Solution 

Step 1: Estimate the thickness of the slab 

The plan consists of one way, two way and cantilever slabs. Assume that the slab 
thickness t s is 120 mm for all slabs of the floor. 

For one way slab 

LI 30 simple span • 
t mjn = LI 35 continuous from one end 
LI 40 continuous from two ends 

Since slabs S 6 and S 8 are one-way slabs continuous from two ends, the minimum 
thickness is given by 

L 2.4x1000 , A ,,, 

t . = — =-= 60 mm (< t s .. ,.o.k) 

mm 40 40 v 

Also for deflection calculations to be ignored the thickness should be at least: 

<f = 0.40+^ = 0.40 + — = 0.95 
650 650 

L (2.4-0.25) x 1000 

t ■ =- 2 — = -- - --= 56.73 mm (< t s .. ..o.k) 

mra (36/£) (36/0.95) 

For two way slabs 

The biggest slab is S10 (4.8x 5.4 m) 

a 1 35 simple span 
a * / 40 continuous from one end 
a * / 45 continuous from two ends 

a* is the short span 

This span is considered continuous from one end thus 

a 4.8x1000 .. 

t min = — =-= 120 mm(=t s ....O.k) 

™" 40 40 
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For cantilever slabs 

There is no direct recommendation for the minimum thickness for cantilever slabs 
except for deflection calculations. The minimum thickness for cantilever slabs 
reinforced with high grade steel 0>.=360 N/mm 2 ) equals 

L 1.6x1000 lrA 

t m = — =-= 160 mm >4 

ram 10 10 

From economic point of view, it is better to use thickness of 120 mm and to check the 
deflection. 

Step 2 : Effective span 

Since the width of all beams are 250 mm, the clear span equals 
Lclear = L-0.25 

where L is the centerline to centerline distance 
For interior span, the effective length equals to 

f jL^r+t, f .... f(T-0.25)+ 0.12 


. . max oft 

mint [1.1 

[CL to CL 

For cantilever slabs 

. +4 


1 max of 
L 


1.05 x (4-0.25) 


/ - m inl (i “ 0125) + 012 

Li (r — nun -s —min 

cff ledge to CL . [L 


Lclcar.x 1'dcar.x 

+4 


1.05 x L en ;x Ly 

Lclcar.x 



4.55 4.67 4.78 


1.80 1.55 



3.75 
4.55 4.67 


3.75 3.87 


4.55 4.67 


1.80 1 1.55 1.67 1.63 


1.63 


3.94 3.94 


Ly 

Lclear,y 

1,20 

1.08 

4.80 

4.55 

4.80 

4.55 

3.60 

- 

3,60 




3.35 

2.40 

2.15 

3.60 

3.35 

5.40 

5.15 

4.20 

3.95 



7.07 
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Step 3: Calculation of loads 

w u =1.4 g s +1.6 p s = 1.4 ( 25 x t s + flooring) + 1.6 x LL 
w„ = 1 .4x (25 x 0.120 + 2.0) + 1. 6x3 = 11.8 kNIm 2 
Taking a strip of 1 m, the load acting on this strip equals to 
W = w xl = 11.80 kNIm' andb=1000mm 

su U 

For one-way and cantilever slabs 

w a =w su and w p =0 

For two-way slabs 

The load distribution factors are determined using the rectangularly ratio r 
m,,xb (bigger) 
m a xa ( smaller) 

where b and a are the effective spans and 
1.0 simple span 

m a or m h = ■ 0.87 continuous from one end 
0.76 continuous from two ends 

The values of a and p are obtained from Table 1.2 

w a = a. w su 

wprp.w su 

Please note that w a is the load transferred in the short direction (not x-direction) and 
Wp is the load transferred in the long direction. For example for slab S8 w a runs in y- 
direction and Wp in x-direction,,while for slab S10 w a runs in x-direction and w p in y- 
direction. 


Slab 

Leff,x 

m x 

Leff.y 

m y 

r 

a 

P 

Wa 

Wp 

SI 

3.60 

1 

1.20 

0.87 

3.46 

1.00 

0.00 

11.80 

0.00 

S2 

4.78 

0.87 

4.78 

0.87 

1.00 

0.35 

0.35 

4.13 

4.13 

S3 

3.52 

0.87 

4.78 

0.87* 

1.36 

0.53 

0.19 

6.24 

2.24 

S4 

1.60 

0.87 

3.60 

1 

2.59 

1.00 

0.00 

11.80 

0.00 

S5 

4.78 

0.76 

3.52 

0.76 

1.36 

0.53 

0.19 

6.24 

2.24 

S6 

1.67 

0.76 

7.20 

0.87 

4.94 

1.00 

0.00 

11.80 

0.00 

S7 

3.94 

0.87 

3.52 

0.87 

. 1.12 

0.41 

0.28 

4.83 

3.30 

S8 

4.78 

0.87 

2.27 

0.76 

2.41 

1.00 

0.00 

11.80 

0.00 

S9 

3.94 

0.87 

3.52 

0.87 

1.12 

0.41 

0.28 

4.83 

3.30 

S1.0 

4.78 

1 

5.40 

0.87 

1.02 

0.36 

0.34 

4.23 

3.99 

S11 

1.67 

1 

4.15 

1 

2.48 

1.00 

0.00 

11.80 

0.00 


• direction, slab S3 is not continuous with S6 (one way slab in X- direction). 
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Bending moment and reinforcement 

The floor slab considered in this example has panels that contain variation in loads 
and spans of more than 20%. Exact analysis of such a floor is lengthy and quite 
tedious. Due to the fact that R/C slabs have an ability to redistribute the moments, it 
has become a common practice to extend the use of the moment coefficients 
mentioned in 1.2.5 to most types of floors. 

The procedure followed to obtain the design moments in the floor of this example: 

1. The positive moment in any span equals to 


2. The negative moment developed at the support connecting two adjacent unequal 
spans is conservatively taken as the larger of M u , and M u2 given by 


_ W„xl? 

" *, 


w u ,xL\ 

11 u2 , 


the larger of 
M u i and M u} 


the larger of 
M u2 and M u3 


10 


12 


“ 3 12 


For cantilever slabs and assuming that the hand rail weight is 1.5 kN/m', the bending moment 
equals to 

VV x Li* 

M u =—-SL + 1.5x£- 

“ 2 

The effective depth equals 

d = t s -l 5 = 105 mm in the main direction (a) 

d= tj-25 = 95 mm in the secondary direction (P) 


M u x 10 6 M u x 10 6 
fa, b d 2 ~~ 25 X 1000 X d 2 


x 40 


f 25 

A = co x-^-xbxd = a> x ——xlOOOxrf = 69.44xm xd > A 
f y 360 

A,, mia =~xl000xl05=175 mm 2 

Jy 360 
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Design of Slabs in X-Direction 


S 


51 3.60 0.00 0 0.00 

" 478 4.13 10 9.43 

52 

S3~ 3.52 6.24 10 7.72 

54 1.60 11.80 2 17.40 

55 4.78 2.24 10 5.11 

56 1.67 11.80 12 2.74 j 

1$7 3^94 3^30 10 - 5.11 

~S8 4~78 0.00 0 0.00 

"S9 3^94 3^30 To” 5.11 

510 478 3.99 8 11.39 

511 467” 11.80 8 4.11 


d 

mm 

R 

95 

0.0000 

105 

0.0342 

105 

0.0280 

105 

0.0631 

95 

0.0226 

105 

nc 

0.0099 

r\ r\nna 



"^5 0.0000 0.000 
95 0.0226 0.027 

95 0.0505 0.062 

105 0.0149 0.017 


As 

chosen 


5 4> 8/m' 

3 <t> 8/m'+~ 
3 10/m' 

6 <h 8/m' 

3 <h 10/m'+ 
3 <t> 12/m' 

3 ® 8/m'+ 
3 4> 10/m' 
3 4> 8/m'+ 
3 4> 10/m' 
6 <f> 8/m' 

6 4> 8/m' 

6 4> 8/m' 

6 ® 10/m' 
5 4> 8/m' 


Design of Slabs in Y-Direction 



0.045 325 3 ® 8/m'+ 

3flE> 10/m' 


0.0418 0.051 333 3 4>8/m'+ 

3 4> 10/m' 


6 4> 8/m' 


5 4> 8/m' 


6 4> 8/m' 


5 4> 8/m' 


6 4> 8/m' 


3 4> 8/m'+ 
3 4) 10/m' 


6 4> 8/m' 


6 4> 10/m' 


5 4> 8/m' 
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Hollow Block Slabs 



Photo 2.1 Reinforcement placement in ribbed slab during construction 


2.1 Introduction 

Hollow block floors are formed typically using blocks made of concrete with 
lightweight aggregate. The void in the blocks reduces the total weight of the slab 
significantly. 

The main advantage of using hollow.blocks is the reduction in weight by removing the 
part of the concrete below the neutral axis. An additional advantage is the ease of 
construction, especially if the floor is designed with no projected beams ( hidden 
beamsj. Hollow block floors proved economic for spans of more than 5m with light or 
moderate live loads, such as hospitals, office or residential buildings. They are not 
suitable for structures having heavy live loads such as warehouses or parking garages. 


29 

















The blocks do not contribute to the strength of the slab; as a matter of fact it is an 
additional weight on the slab. Thus, in recent years these blocks were made of 
polystyrene which is 1/15 of the weight of concrete blocks as shown in Fig. 2.1. Thus, 
a reduction in the reinforcement can be achieved. The values listed in Table 2.1 
include the weight of the concrete ribs and 50mm top concrete slab. If for any reason 
the thickness of the top flange was increased more than 50 mm, the additional weight 
should be included in the calculations. The total ultimate load for per square meter w su 
is given by 

w „ = 1.4 x [weight of blocks / m 2 (Table 2.1 )+flooring ]+1.6 w LL . (2.1) 


cement mortar (20-30 mm) 



Foam block, w=0.1 6 kN/m 2 Concrete block, w=2.7 kN/m 2 

(polystyrene) (without concrete slab weight) 


Fig. 2.1 Weight comparison between concrete and foam blocks. 
Table 2.1 Weight of material used in hollow block floors’ (kN/m 2 ) 


! Concrete blocks Concrete blocks Concrete blocks I Foam blocks 
400x200x150 400x200x200 400x200x250 500x400x200 


One way 

Two-way 

One-way 

Two-way 

One-way 

Two-way 

One-way 

Two-way 

3.03 

3.36 

3.30 

3.80 

4.10 

4.78 

0.70 

1.20 


include the weight of the concrete ribs and 50mm top concrete slab 


Hollow block slabs are classified into: a)one-way hollow block slabs or b)two-way 
hollow block slabs depending on the arrangement of the ribs on plan. Fig. 2.2. A shows 
a one-way hollow block slab in which the ribs are arranged in one direction. Fig. 2.2.B 
on the other hand, shows a two-way hollow block slabs in which the ribs are arranged 
in two directions 

To avoid shear failure, the blocks are terminated near the support and replaced by solid 
parts. Solid parts are also made under partitions, brick walls and concentrated loads. 
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A. One-way hollow blocks with hidden beams 
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projected 


B. Two-way hollow blocks with projected beams 


Fig. 2.2 One and two-way hollow block slabs 


2.2 One-Way Hollow Block Slabs 
2.2.1 General 

One-way hollow blocks are used frequently in construction even for slabs with a 
rectangularity ratio less than 2. This is attributed to the ease of placing the blocks in 
one direction. The arrangement of the ribs controls the direction of the slab regardless 
of its rectangularity ratio. The ribs are positioned in the shorter direction, thus all the 
loads are transferred in this direction as shown in Fig. 2.2.A 
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2.2.2 Arrangement of blocks 

The number of blocks in each direction must be specified on the construction 
drawings. Thus, the layout of the blocks must be positioned so that enough solid parts 
are present near the supporting beams. For floors with hidden beams, the solid part 
must be wide enough to carry all the applied loads. The normal width of the solid part 
ranges between 0.8-2.0 for floors with hidden beams and ranges between 0.2-0.5 for 
floors with projected beams. 

Having determined the dimension of the solid parts, the clear length of the blocks can 
be attained as shown in Fig. 2.3. For example, in the case of using 400x200*200 
blocks in a one-way slab, the clear distance in the rib direction equals to 

i cl = 200 x n, +100 x n cr 

where n, is the number of blocks in rib direction and n cr is the number of cross ribs. 
The clear distance in the perpendicular direction equals 

L cl = 400xn 2 + 100 (n 2 -l) 

L c2 =500 x« 2 -100 

Where n 2 is the number of blocks perpendicular to the ribs. The number of ribs=«i-l 



rnTfr 


imtril 
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Hollow block slabs can be used to form a cantilever slab as shown in Fig. 2.4. The ribs 
can be either made continuous as in Fig. 2.4.A, or simply supported on two hidden 
beams as shown in Fig. 2.4.B. For slabs with irregular shapes, the blocks can be 
arranged along the perimeter as shown in Fig 2.4.C. 




2.2.3 Code Provisions 


. The thickness of the slab (tj should not be less than 50 mm or the 1/10 of the 
clear spacing between blocks (e/10) as shown in Fig. 2.5. 

• The maximum clear distance (e) is 700 mm 

• The minimum rib width ( b) is 100mm or 1/3 the total slab thickness (t/3) 



b > t/3 


Fig. 2.5 Minimum dimensions required by the code 

• To avoid cracking due to shrinkage in the top concrete flange, the cement 
blocks should be watered prior to concrete placing. A light reinforcing steel 
mesh should be placed in the top slab for added durability and strength. This 
mesh also helps in case the slab is subjected to concentrated or moving loads 
and reduces cracking and shrinkage in the concrete. The code requires that 
reinforcement in the direction of the ribs should be at least 5(J)6/m' 
perpendicular to the ribs and 4(t>6/m' parallel to the ribs. 

• Transversal ribs or cross ribs are added to one-way hollow block floors for 
better distribution of the applied loads. They also help in distributing the 
concentrated loads due to walls in the transverse direction. The bottom 
reinforcement is taken as the reinforcement in the main ribs, and the top 
reinforcement should be at least I /2 of the bottom reinforcement. The code 
requires that in case of large spans or heavy live loads that the floor should 
be equipped with cross ribs with the conditions shown in Table 2.2. Fig. 2.3 
illustrate the use of cross ribs in one way slabs and block arrangement 


Table 2.2 Cross-rib requirements by the ECP 203 


Live loads 

Span 

Condition 

< 3 kN/nT 

<5m 

No cross rib required 

< 3 kN/m 2 

> 5m 

One cross rib 

>3 kN/nT 

4m to 7m 

One cross rib 

>3 kN/nT 

>7m 

Three cross rib 
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2.2.4 Design of One-way Hollow Block Slabs 
2.2.4.1 Design of Ribs 

The ribs can be considered as a beam having a flange width B which is equal to the 
distance between ribs. The ribs carries a uniformly distributed load w ur equals to 

Wur= W u XB {kN /«') . ( 2 . 2 ) 

where w u is the Slab load in kN/m 2 and B=e+b 

Depending on the sign of the bending moment, the sections may be designed either as 
T-sections or rectangular sections. Since Section (A) is subjected to positive bending it 
is designed as T-section, whereas section (B) is subjected to negative bending and it is 
designed as rectangular section as shown in Fig. 2.6. 




Fig. 2.6 Design of ribs 

An example of the reinforcement of a one way hollow block floor is shown in Fig. 2.7 
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2.2.4.2 Design of Hidden Beams 

Hidden beams are usually used in hollow block floors to give flexibility and a sense of 
spaciousness. Due to their limited depth, hidden beams are heavily reinforced and their 
width exceeds their depth as shown in Fig. 2.8.A. To reduce the amount of 
reinforcement, the depth of the hidden beam is increased by 50 mm as shown in Fig. 
2.8.B. 




B: Hidden beam with increased thickness 


Fig. 2.8 Cross section in a hidden beam 
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Since the width of the hidden beam is greater than its depth, the ECP 203 requires that 
the applied shear stress, q u = QJ{B . d), be less than the concrete shear strength q cu 
without any shear reinforcement contribution. Thus, it is customary not to use bent 
bars in hidden beams because the shear reinforcement contribution is not allowed by 
the code. For hidden beams, the concrete shear strength q cu is given by 



(N / mm 2 ) .. 


The minimum shear reinforcement for hidden beams can be reduced to 



(2.3) 


(2.4.a) 


l 


A . =Q^-xbxs . (2.4.b) 

5,min r n 

J y V"c« / 

where q u is the ultimate shear strength at the critical section and q cu is the concrete 
shear strength. The stirrups should be arranged so that the distance between stirrups 
should not exceed 250 mm as shown in Fig, 2.8. It has to be mentioned that the role of 
the stirrups in such case is to keep the longitudinal bars in place and to confine 
concrete in the cross section. 



Photo 2.3 Reinforcement placement in a hidden beam 
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Example 2.1 

A hollow block floor with hidden beams is constructed with concrete blocks over 
several spans as shown in figure. The characteristic material strength is 

f cu = 40 N/mm 2 and 

fy= 400 N/mm 2 

The applied loads are 

Live loads=4 kN/m 2 

Flooring =2 kN/m 2 

Design the floor using one-way hollow block slabs with hidden beams. 



Solution 

Step 1: Dimensioning 

Choose 400x200x200 concrete blocks 
Thus, e= block width=400 mm 


t s = bigger of 


50 mm 

e/10 = 40 mm 


t s =50 mm 


t = t block +t s = 200+50 =250 mm 


b = bigger of 


100 mm 

250/3 = 83.3 mm 


—>b= 100 mm 



Step 2: Calculation of ultimate loads. 

For concrete blocks of dimensions 400x200x200, the self weight of the blocks and the 
concrete ribs is 3.3 kN/m 2 (refer to Table 2.1) 

g s = self weight + floonng=3.3+2 =5.3 kN/m 2 
p s =4 kN/m 2 

yj ~ 1.4 g s +1.6p s = 1.4x5.3 + 1.6x4 = 13.82 kN / m 

Since this is a one way hollow blocks, all the load is earned in the direction of the ribs, 
wu/rib = w u (e+b) = 13.82 (400+100) /1000=6.91 kN/m' 

Step 3: Arrangement of blocks 

The code requires the use of one cross rib for live loads >3 kN/m 2 and spans from 4-7 
m ( n cr -l ). Since the roof contains hidden beams the distance c measured from the 
centerline is taken from 300-700 mm. 

Let us assume that clear span for the blocks are 0.6-1.0 m less than centerline distance. 
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Step 3.1: Arrangement of the blocks in x-direction 
Step 3.1.1: Exterior bay 

(Let C,+C 2 =900) 

Let = 5400 - (Ci +C 2 )= 5400 - 900 = 4500 mm 
200 x jj, + 1 00 x n cr =4500 mm 

where, ni=No of blocks and n cr — No. of cross ribs 
200xn,+100x1 = 4500 n,=22 

Cj=300 mm (near projected beam) C 2 =600 mm (near hidden beam) 
Step 3.1.2: Interior bay 
Assume C 3 =650 mm (value close to C 2 ) 

L C2 = 5400 - 2C 3 = 5400 - 1300 = 4100 mm 
200 xn 2 +100x=4100 mm where, n 2 =no ofblocks 


200 xn 2 + 100x1 = 4100 


• C 3 =650 mm 
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Step 3.2: Arrangement of the blocks in y-direction 

Assume C 4 = 300 mm 

Lc 3 = 6200 - 2 C 4 =6200 - 2 x 300 =5600 mm 

If we assume that n 3 = No. ofblocks, then the number of ribs =(n 3 -l) 

400xn, +100 (« 3 -1) = 5600 

5600= 500x« 3 -100 

n 3 =11.4 block 1 

Round down to the nearest number (n 3 =ll), and recalculate C 4 
6200 - 2 C 4 = 500 x 11 - 100 C 4 =400 mm 

Thus use C 4 =400 mm 

Step 4: Design of Ribs 

Step 4.1: Calculation of the Bending Moments in Ribs 

Since the ribs are continuous over the supports with equal loads and equal spans, the 
code coefficients for slabs are applied 



_ 24 -10 -10 - 24 
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Step 4.2: Design of rib critical sections (Continuous rib) 

Design of Section 1 

This section is subjected to a positive bending (20.15 kN.m), the compression flange 
form a T-section as shown in the Figure. 

From the figure B=500 mm > 

Assuming concrete cover of 30 mm 
d= 250 -30 =220 mm 



b=100 



e=400 mm 


Using the Cl-J curve 
</ = Cl 


K 


220 


-ClM 

V 4( 


15xl0 6 


Cl =6.93 


40x500 

The point is outside the curve use (c/d) mi „=0.125 
c=0.125 x 220=27.5 mm 

a=0.8 x c = 22 mm <t s .o.k. 

use j=0.825 

, 20.15 xlO 6 


1 j*dxf y 0.825 x220x400 
A smi B w = smaller of 


- 277 mm 2 


[ 0.225 0 225 J40 

I- L b d = x 100x 220 = 78.2 mm 1 J<A S ok 


1.34 =1.3x277 = 360 mm 3 


use 2 <t> 14 (307 mm 2 )/rib (1) 


1 The minimum area of steel for beams was used 
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Design of Section 2 

This section is subjected to a negative bending moment (20.15 kN.m), thus the nb will 
be designed as rectangular section 
b=100 mm 
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A M - 16.8 x IQ 6 

s jxdxf y 0.826x220x400 

use (1*1)12+1014,267 mm 2 )/rib 


= 231.3 mm 2 



Step 5: Design of hidden Beam (Bl) 

The slab over the hidden beam will be increased by 50 mm. 
t=300 mm 


B=600+650=1250 mm 

The self weight of the beam =y c B t = 25 x 1.25* 0.3 = 9.375 kN/m' 

But this weight should subtracted from the self weight of the blocks 
Self weight of the blocks = o.w x B=3.3 x 1.25 = 4.125 kN/m' 

Net weight =9.375-4.125=5.25 kN/m', factored net weight =1.4 x 5.25 =7.35 kN/m' 
w ub = w u x spacing + net weight=13.82 x 5.4 + 7 . 35 = 81.98 kN/m' 



Note: w ub calculations can be simplified by assuming that the increase in the hidden 
beam weight is about 10 —- 12 % of the slab weight as follows: 

w ub =l.lxw u x spacing =1.1x13.82x5.4 = 82.1 kN !m' 
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Step 5.1: Design for flexure 


ultimate 

Loads 


w^,—81.98 kN/m ' 


Moment _ 
factors & 



+11 


+11 


131.3 


Bending 
moments 
(kN.m) 


350.14 

286.5 286.5 


131.3 


Critical 


1 



sections ^ 

c 

ii r 

£ 

2) c 

n r 

ffimir 


© © 


Shear 

factors 


0.40 

£T 


0.60 0.60 

mm 


0.40 


Shear 2033_ 304,9 304.9 _ 203.3 

force, kN “ S ^ 


Design of section 1 

All sections in the hidden beam are rectangular sections. Assuming cover ot 30 mm, 


d=270 mm. Using R-co curve 


M u _ 350 .14 x 10 6 

f cu bd 2 ~ 40x1250x270" 


= 0.096 


From the curve it can be determined that co=0.126 
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A s = co ^ B x d = 0.126-x 1250x 270 = 4248 mm 1 

fy 400 


0.225 V40 


x 1250x270 = 1201 mm 2 J <A, ok 


A 11 r ^ V A i/V — JL 4*\J X HI HI V. sx (J .A, 

^mi„ = smaller of j 400 

[ 1.321, =1.3x4248 = 5523 mm 2 

use (14<E> 20, 4398 mm 2 ) 

The design of other critical sections is summarized in the following table 


286.5 0.079 


131.3 0.036 



Chosen 

3456 

11 0 20 

1885 

6 0 20 


Step 5.2: Design for Shear 

The critical section for shear is at d/2 from the face of the middle support. 

Assume that the width of the column is 600 mm. The critical section is at section 1 as 
shown in figure with code coefficient of 0.6 


Qu =0.6 w uh L-w uh j^- + -J = 0.6x81.98x6.2-^~x^ + ^J = 269.3 /:iV 

Q u 269.3x1000 , 

c lu=-~: = -= 0.80 N/mm 2 

Bxd 1250x270 

The code requires that the beam shear stress be less than concrete shear strength given by 
I f 1 40 

q cu = 0.16 -pa- = 0.16 J— = 0.826 N / mm 1 
V 1.5 V 1.5 

Since q u <q cu the shear strength of the beam is sufficient. Provide minimum area of 
stirrups. Assuming spacing of 200 mm and using mild steel^=240 N/mm 2 

A sl rain =^—Bxs =—— xl250x200 = 416 mm 2 
’ f, 240 

The previous amount can be reduced according to the code item 4-2-2-1-6-c 

, Y0.80 "1 , 


81.98 (600 270 


4,.™ = 416x 


= 416x 


= 405 mm 


J v0.826y 

Assuming 6 branches, the area of one branch equals 

A sb = = 69.44 mm 2 Choose <j> 10 (78.5 mm 2 ) 

6 


Use (j) 10/200 mm (5<p 10/m'). 

Since we have six branches, use 60 16 as a secondary reinforcement 
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b. Longitudinal section in the hidden beam 



a. Section A-A 


Reinforcement details for the hidden beam 































2.3 Two-Way Hollow Block Slabs 

In these types of floors the ribs run in two directions and the load is distributed m both 
directions as shown in Fig. 2.9. It is more economical to use two-way slabs if the 
shorter span exceeds 6 meters. However, the placing of the blocks in two directions 
during the construction is more difficult. 






mBmamamam 

mamamamam 
mBmBmBmBm 
□ BfflBIUBCDBm 
mBmamamBm 

mamamamam 
mBmamamBm 
mamamamam 
mamamamam 
mamamamam 
mamampmam 


ribs 




projected beam 


Plan 


if 


i—it—ir-tnr~i r~ir~ir~io 


ribs 


IN 


projected beam 


Section 


Fig. 2.9 Arrangement of the blocks in two-way hollow block slabs 


In typical hollow block floors, the designer has to choose between the simplicity of 
construction one-way hollow block and the economy that might be offered by utilizing 
two way hollow blocks. 

Figure 2.10 shows two options for arranging hollow-blocks in the same roof. Note that 
cantilever hollow block slabs are designed as one-way hollow block slabs. 
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b) One way and two way slab hollow block slabs 


Fig. 2.10 Alternative solutions for arranging blocks in hollow block slabs 


2.3.1 Method of Analysis 

The analysis of two-way hollow blocks is carried out according to the type of 
supporting beams. The code distinguishes between the two cases: 

Case A: two-way hollow block floors with hidden beams are designed in a similar 
fashion to the flat slabs. 


Case B: two-way hollow block floors with projected beams are divided in two sub¬ 
cases depending on the live loads and the compression flange as shown Table 

2.3. 


Table 2.3 load distribution values that should be used in designing two-way 
hollow block floors with projected beams 


Compression flange case 

Live load value 


LL < 5 kN/m 2 

LL > 5 kN/m 

Complete compression 

flange 

Use Table (2.4) 

(Marcus) 

Use Table (2.5) 

(Grashoff) 

Incomplete compression 

flange 

Use Table (2.5) 

(Grashoff) 

Use Table (2.5) 

(Grashoff) 


2.3.2 Design of two-way hollow slabs with projected beams 
2.3.2.1 Design of ribs 

Two-way hollow blocks have some capability to develop torsion but not as much as 
the solid slab. About 15-20% of the total load is consumed in torsional action Marcus 
developed the distribution for such types of slabs in which the distribution load factors 
are reduced to account for some torsion action. The values are listed in Table 2.4. 


Table 2.4 a and P values for two-way hollow block slabs (Marcus values) 


r 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

1.9 

2.0 

a 

0.396 

0.473 

0.543 

0.606 

0.660 

0.706 

0.746 

0.778 

0.806 

0.830 

0.849 

p 

0.396 

0.333 

0.262 

0.212 

0.172 

0.140 

0.113 

0.093 

0.077 

0.063 

0 i 053 


In some cases where the live loads are considerably high, it is more advisable to • 
neglect the torsion action and distribute the load according to Grashoff's factors listed 
in Table 2.5.' 
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Table 2.5 a and (3 values for two-way hollow block slabs with high live loads 
(Grashoff s values) 


r 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

1.9 

2.0 

a 

0.500 

0.595 

0.672 

0.742 

0.797 

0.834 

0.867 

0.893 

0.914 

0.928 

0.941 

p 

0.500 

0.405 

0.328 

0.258 

0.203 

0.166 

0.133 

0.107 

0.086 

0.072 

0.059 


The total factored load in the slab is given by: 


The total factored load in the slab is given by: 

w u = 1.4 x [weight of blocks/m 2 (Table 2.1 )+flooring] +1.6 w u .(2.4a) 

For ribs running in the short direction, the design loads are given by: 

W aJn ll =«», (b + e) . (2.4b) 

For ribs running in the long direction, the design loads are given by: 

W a,nb=P W uQ>+ e ) .(2.4C) 


The analysis and the design of the ribs in the two directions are carried out in similar 
manners to those followed in one way hollow block slabs. Fig. 2.11 shows an example 
of the reinforcement for a floor comprising one-way and two-way hollow block slabs. 

2.3.Z.2 Design of Projected beams 

Projected beams are designed to cany the following loads 

1- Own-weight 

2- Wall load (if any) 

3- Load transmitted from the slabs 

The distribution of the slab load to the projected beams is carried out as shown in Fig. 
2.12. The triangular or trapezoidal loads can be replaced by equivalent uniform loads 
for calculating bending moment and shear forces using Table 2.6. 

Fig. 2.6 Coefficients of equivalent uniform loads on beams 


L/2x 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 

1.8 

1.9 

2.0 

a 

0.667 

0.725 

0.769 

0.803 

0.830 

0.853 

0.870 

0.885 

0.897 

0.908 

0.917 

p 

0.500 

0.554 

0.582 

0.615 

0.642 

0.667 

0.688 

0.706 

0.722 

0.737 

0.750 
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Fig. 2.12 Load distribution on the projected beams. 

The bending moments and shear forces in the projected beams are obtained using 
methods of structural analysis (or code coefficients if applicable). Sections of positive 
moments are designed as T-sections while those of negative moments are designed as 
rectangular sections as shown in Fig. 2.13. 



Fig. 2.13 Type of section in projected beams according to the applied moment. 
Fig 2.14 shows a summary of the load calculations for beams in hollow block roofs. 
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Hidden beam 
''or projected beam 
B2 


Va\ 


Hi 


ka 


W B1 = O.W. + W u x 2.50 

r = 6/5 =1.20 

w B 2 =o.w. 

From Table 2.6 — a = 0.769 

W B3 = O.W. + W u x 5.00 

W B1 = O.W. + W u x 0.769 x 2.50 
W B2 = O.W. + W u x 0.67 x 2.50 
W B3 = O.W. + W u x 0.769 x 5.00 

Note:Wall loads may be added (if any) 


Fig.2.14 Calculation of loads of beams in hollow block roofs 


























Example 2.2 

Redesign example 2.1 using two-way hollow blocks with projected beams 

Solution 

Step 1: Dimensioning 

Choose 400x200x200 blocks 
Take e=400 mm 


t s = bigger of 


+=50 mm 


50 mm 

e/10 = 40 mm 


t = tbiock+tj = 200+50 =250 mm 


b = bigger of 


b= 100 mm 


100 mm 

250/3 = 8.33 mm 




concrete block 


e=400 mm 


Step 2: Calculating Ultimate Loads. 

For concrete blocks 400x200x200 and from Table (2.1) the self weight of the blocks 

and the concrete ribs is 3.8 kN/m 2 

g s = self weight + flooring=3.8+2 =5.8 kN/m 2 

p s =4 kN/m 2 

w u = 1.4 +1.6p s = 1.4x5.8+ 1.6x4 = 14.52 kNIm 2 

r= L L= 62 = i J48 

4 5.4 

Since this is two way hollow blocks with projected beams and L.L.< 5kN/m 2 , use 
Table 2.3 (Marcus). The load distribution factors are 
a=0.507 and (3=0.299 

Wo/nb = a w u (e+b) =0.507 x 14.52 (400+100) /1000=3.68 kN/m' 
wp/nb = (3 w„ (e+b) = 0.299 x 14.52 (400+100) /1000=2.17 kN/m' 


58 


Step 3: Arrangement of Blocks 

Since the roof contains projected beams the distance c measured from the centerline is 
taken from 300-500 mm. Let us assume that the clear span for the blocks is 0.6-1.0 m 
less than centerline distance 

Transversal direction 

Assume C,=500 mm 

Lcl = 5400 - 2Cj= 5400 - 1000 = 4400 mm 

500 x n, + 400 = 4400 mm where, n,=no of ribs n,=8 

Longitudinal direction 

Assume C 2 = 400 mm 

L c2 = 6200 - 2 C 2 =6200-2x 400=5400 where, n 2 =no of ribs 

500 x« 2 +400=5400 n 2 =10 

Step 4: Design of ribs 

Step 4.1: Transversal direction 

Step 4.1.1: Calculation of the bending moments 

Since the ribs are continuous over the supports with equal loads and equal spans, the 
code coefficients (k) for slabs are applied. The transversal direction is the shorter 
direction thus w a is transferring in this direction 
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Step 4.2: Design of the Longitudinal Direction 
Step 4.2.1 Calculation of the bending moments 

Since the ribs are continuous over the supports with equal loads equal span, the code 
coefficients (k) for slabs are applied. The longitudinal direction is the shorter direction 
thus wp is transferring in this direction 


u.-OiiE. 


2.17x6.2 2 


Ultimate 

Loads 


<5.2 


wp= 2.17 kN/m' 


1..1I I I I I I l I I I I l l 


A. 


6.2 


Moment 

-24 


-8 


-24 

factors 

A 

+10 


+10 

Jm)fr 

Bending 

3.47 


10.42 


3.47 

moment 

A~~ 

8.34 

s 

8.34 

Imbr 


Critical 

sections 


Step 4.2.2: Design of Rib Critical Sections 
Design of Section 1 

This section has positive bending (8.34 kN.m), the compression flange form a T- 
section as shown in Fig. 

Since this is the secondary direction, d= 250 -30-15 =205 mm 


& 




© ® © © 


d/Shi 


Using the Cl-J curve 


d = Cl^ 


M u 

f cu B 


205 = Cl 


) 


8.34xl0 6 

40x500 


0=10.04 


The point is outside the curve use c/d) mh ,=0.125 
c=0.125 x 205=25.5 mm 

a=0.8 x c = 20.6 mm <t s .o.k. 

use j=0.825 


A, =- 


M„ 


8.34 xlO 6 


jy.dx f y 0.825 x 205 x 400 


- = 123.3 mm 2 > A s , 


use 2 <t> 10 (157 mm ! )Mb 

Design of Section 2 

This section is subjected to negative bending moment (10.42 kN.m), thus the nb will 
be designed as rectangular section 
b=1000 mm 



e=400 mm b= 100 mm 


Using R-co curve 


R = 


f^bd 2 


10.42 x 1 0^— _ 0 .Q 6 1 
40xl00x205 2 


From the curve it can be determined that ra-0.075 
A =(u —bxd =0.075 —x 100x205 = 153 mm 2 >A s , mi „ 

1 f y 400 

use ( 2 4> 10, 157 mm 2 )/rib 
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Rib reinforcement details in transverse direction 



(& @ (& (s) 


Reinforcement details and blocks arrangement for the two-way hollow blocks 
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Step 5.1: Design for Flexure 


bending 

Loads 


Moment 

factors 


Bending 104.7 


Critical 

sections 


w u i,=65.4 kN/m' 



Wush=50.47 kN/m' 


0.60 0.60 


187.75 187.75 


Design of Section 1 

This section is subjected to -ve moment, thus it is a rectangular section 
Assume concrete cover of 50 mm, d=700 mm 


B=1000 mm 



b=250 mm 


Using R-co curve 

_M„ _ 279.2 xl0‘ __ nn , 7 

f bd 2 40x250x700 2 

J cu 

From the curve it can be determined that <b=0.07 


A =Q) IsLbxd = 0 07 -^-x250 x 700 = 1230mm 2 >A s , m j n 
/, 400 



Design of Section 2 , 

This section is subjected to a positive bending moment (228.43 kN.m) the 
compression flange form a T-section as shown m Fig., B-500+500-1000 mm 



b=250 mm 
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Using the Cl-J curve 


700 = Cl. 



228.43 xlQ 6 
40x1000 


Cl =9.26 


The point is outside the curve use c/d) min =0.125 
c=0.125x 700=87.5 mm 

a=0.8 x c = 70 mm <t s .o.k. 

usej=0.825 

, M u 228.43 x10 s „„„ . 

j x d x f r 0.825 x 700 x 400 ~ ™ 

use(4<D18, 1017 mm 2 ) 


Step 6.2: Design for Shear 

The critical section for shear is at d/2 from the face of the support. 

Assume the width of the column is 600 mm. The critical section is at section 1 as 
shown in figure with code coefficient of 0.6 

Q u = 0.6 w„ L -w ull (| += 0.6 x 50.47x6.2- ~ -x f M M ] = j 54.945 kN 


Q u 154.94x1000 , 

q “ = 7 r^ = — ^r-zrr- = 0.88 N/mm 2 
bxd 250x700 

Concrete shear strength is given by 
q cu = 0.24 ^ = 0.24 = 1.24 N/mm 2 

Since q u <q cu , no need for web reinforcement, provide minimum area of stirrups 

Assuming spacing of 200 mm and using mild steel f y =24Q N/mm 2 

^ 0.4,0.4 „ 

' A stjmm =—hxi= — x250x200 = 83.33 mm 2 
Jy 240 

r 

Assuming 2 branches, the area of one branch equals 


A 83 ' 33 2 

A sb = —^—- = 41.67 mm 2 


choose <j>8 (50 mm 2 ) 


Use <() 8/200 mm 
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t=750 mm 


Elevation 



250 mm 


Cross section A-A in the projected beam 

Reinforcement details of the projected beam 
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3 

PANELED BEAMS 



Photo 3.1 Reinforced concrete airplane hanger, Italy. 


3.1 Introduction 

A Paneled beams system is normally utilized when the dimensions of the floor are 
relatively large so that it becomes uneconomical to either use solid slabs, or hollow 
block slabs. In a paneled beams system, the floor is strengthened with a series o 
beams with equal depth spanning usually in two perpendicular directions. These 
beams divide the large floor into a number of small panels that can be easily designed 
as solid slabs as shown in Fig. 3.1. The spacing between the beams ranges normally 
from 2 to 4 meters. In this system, all beams are of the same depth and are supported 
directly either on columns or on edge beams. 
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Because the deflection is equal at the point of intersection for any two beams, the load 
transferred in the short direction is much larger than the long direction. This is because 
it takes more loads to deflect a short beam than it does for a long one. If the ratio of 
the long span to the short span (L l /L s ) exceeds 1.5, there is no structural advantage for 
using paneled beams system. Almost the entire load in this case is transferred in the 
short span, similar to the case of one-way slabs. 



Section 


Fig. 3.1 Layout of paneled beams floor 
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3.2 Load Distribution 

To illustrate the behavior of the paneled beams system, let us assume a very simple 
system which consists of two beams with the same depth intersecting at point A as 
shown in Fig. 3.2. The dead and the live loads are transferred through these two 
beams. Denoting the load transferred in the short direction as vv a and t e oa 


w« 



"NFig. 3.2 Load distribution in paneled beams 


The deflection of the short-span beam Ai equals 


, 5 xw„xL 4 2 

.. (3.1) 

' 384 El 


The deflection of the long span beam A 2 equals 


5xw 

. (3.2) 

“ 2 384 El 


But since the deflection at point A is the same, A, = A 2 


5 xw a xL\ 5x.w p'xL ] 

. (3.3) 

384 El 384 El 


w a _L\ 

.(3.4) 

T ^ 

w p L 2 
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but the total load w - w a +\vp 

L* 

w p +w a Lt+i: . 

Defining w a = w a and wp=wfi 

w*a . L\ L\!L\ 

w L\+L\ 1 +L\/L\ . 

Denoting r as rectangularity ratio 
Long span L. , , 

r ~ Short span = L ’ Thus tle oad distribution factors a and p equals 

r * i 

a= T77 and similar, y P =-—7 

1 + r 1 + r 4 


(3-5) 


(3.6) 


The load distribution factor in the short direction a is always larger than the load 
distribution factor p in the long direction by the magnitude of r 4 . Table 3.1 lists the 
values of a and p for different rectangularity ratio. This table is used to calculate the 
load transferred in each direction. 


Table 3.1 a and p values for paneled beam slabs (Grashoff s values) 
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The difference in magnitude between the part of the load transferred in the short beam 
and that in the long beam can be explained by considering the structure in Fig 3 3 
the same amount of deflection, it takes more force to displace a shorter beam th 
longer one. If the two beams are of the same length, the load transferred m both 
directions will be the same (P,=P 2 =P/2). The developed bending moment in each 
beam will be PL/8 instead of PL/4 in case of a simple beam(50/o reduction) because 
each beam supports the other. However, if the long span is twice that of the short span 
the long beam will provide little support to the short beam because the flemn: . 
stiffness is considerably low. A computer analysis reveals that the developed ben g 
moment in the short beam is about (90%) of the simple beam moment with length 
Tip. =o 9 P) and the developed bending moment in the long direction is about 10/o of 
the simple beam moment with length 2L. This explains the hmitation imposed by be 
code concerning the ratio of the long span to the short span (Li^lJ). At this ratio, 
about 75% percent of the load is transferred in the short direction (Pi 0.75P). 




Ml=0.9 P (1741=0.225 PL 



M2=0.1P(2L)/4=0.05PL 

- L2=2L - 

case Li/L 2 =2 



case L 1 /L 2 =1 


Fig. 3.3 Bending moment and load distribution for different paneled beams 
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3.3 Code Provisions 

• The paneled beams could either be arranged in two perpendicular directions, 
or in skew, triangular, or quadruple grids as shown in Fig. 3.4. 

• All beams should have the same depth with a maximum rectangularity ratio 
of 1.5 

• The internal force in the paneled beams should be determined based on 
structural analysis, equilibrium and compatibility. The use of any simplified 
method to calculate the forces is valid as long as the solution is compatible 
with the actual behavior. 






MMBB E 




ymmm 

WWgm 

PPPSi 



Triangular grids 


Quadruple grid 


Fig. 3.4 Types of paneled beams systems 
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3.4 Simplified Design Method 

In the simplified method, the paneled beams floor of dimension L l x L s behaves as 
two-way slab that has rectangularity ratio r= Ll /L, This two-way slab consists of a 
system Y of intersecting beams surrounding a number of two-way slabs of smaller 
dimensions. The design process consists of two steps namely 

1. Design of the small solid slabs to resist the loads directly transferred to them 

2. Design of the floor beams having dimensions L l x L s as follows 

• Assume the dimensions of the beams 

• Calculate the design loads 

• Distribute the design loads 

• Design of paneled beams in both the short and long directions 

• Design of edge beams 

a-Beam dimensions 

The thickness of the paneled beams is usually assumed as a ratio form the short span 
as follows 

short span {L s ) .(3.7) 

12-16 

Since the thickness (t) of the beams in both directions is the same, the reinforcement m 
th e short direction is the main direction and the effective depth equals the beam 
thickness minus the cover as shown in Fig. 3.5. Reinforcement running in the long 
direction (secondary direction) is placed on the top of the main reinforcement and the 
effective depth equals the thickness minus the cover and the bar diameter of the main 

direction as shown in Fig. 3.5. 



=t - cover 


Fig. 3.5 Cross-section in paneled beams floor 
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b-Design loads 

The self-weight of the beams is assumed to be uniformly distributed over the floor. 
The average weight of the beams equals 

ow„ = y c xbx(t ‘■■ +n 2 xL s (kN/m 2 ) (3.8.A) 

L l xL„ 

To obtain the total loads of the system, beams self-weight is added to the slab self¬ 
weight, flooring, partitions, and live loads. 

w u = \Ax{ow h +t s xy c +flooring + partitons)+ 1.6 w u (kN/m 2 ) (3.8.B) 

where y c =25 kN/m 3 


c-Distribution of design loads 

In the simplified method, a portion of the load transferred to the beams is determined 
according to the overall rectangularly ratio of the slab. The transferred load in the 
short direction is much higher than that transferred in the long direction and is 
determined using Table 3.1. 

r= T L 

W ua= W u Xa 


d- Design of paneled beams 

The design of paneled beams is carried out similar to that of regular beams. However, 
the distribution of the moments is obtained by assuming that the deflection of the slab 
is in the form of a sin curve. The bending moments developed in each beam is the 
ratio between the deflection at this location to the deflection at mid span. 

For example if we have the paneled beams slab shown in Fig. 3.6 with four beams 
running in the short direction and three beams running in the long direction, the 
developed bending moment equals 

L 2 ^ 2 

M b , = w u X a sin(6>, ) M B2 = x a sin(<9 2 ) 


L 1 

m b 3 =w u x P ~~ sin(0 3 ) 
o 

e-Design of edge beams 



The thickness of the edge beams is usually equal to or greater than that of the paneled 
beams. The load distribution on edge beams is affected greatly by the support 
conditions. If the floor is supported on the comers only, the overall slab is considered 
supported directly on the edge beam as shown in Fig. 3.7. A . On the other hand, if the 
paneled beams rest directly on supports, the reaction of the beams is carried directly 
by the columns. In this case, the load on the edge beam can be estimated as one half 
the load of the parallel beams as shown in Fig. 3.7. 
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C-paneied beams are rested directly 
on intermediate columns 


Fig. 3.7 Effect of column location on load distribution of edge beams 
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Photo 3.3 Ethical Society 
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3.5 Design of Skew Paneled Beams 

The Egyptian code allows the use of paneled beams that are not perpendicular to each 
other or that are not parallel to the hall (skew grid). The simplified method discussed 
in the previous section can not be used in designing skew girds. Structural analysis 
programs can be used to compute the bending moment and shear developed in the 
skew system in this case. Alternatively, for a relatively small number of beams, hand 
calculations can be carried out using equilibrium of forces and compatibility of 
deflections. For example, for the square hall shown in Fig. 3.8, the beams are 
perpendicular to each other but are not parallel to the hall directions. Due to 
symmetry, the problem has only 4 unknowns, which is the percent of loading 
distributed in each direction (PI 1, PI2, P31, P32). At points 2 and 4 due to symmetry, 
the load transferred in the two directions is the same (i.e. 50%, P/2). The load acting at 
each intersection (joint) can be approximated by 

P=w u xaxb 

This load is divided between each two perpendicular beams. For example, at point 1 
and 3, the equilibrium equation is 

p=p i\ +p n (point 1 ) 

P =P 31 + P 32 (point3 ) 

The deflection at any point can be easily obtained using the principle of superposition. 
The compatibility of deflection at point 1 and 3 gives 

Ai (beam B3)=A, (beamBl) (pointl ) 

A 3 (beam B3)=A 3 (beam B2) (point3 ) 

Solving this set of equations gives the loads and bending moment at each beam. 



Example 3.1 , ., 

For the hall shown in figure, it is required to design rectangular paneled beams system 

to cover the roof, knowing that 
f cu =30 N/mm 2 
f =400 N/mm 2 

Loads due to flooring=2.0 kN/m 2 
Live loads=3.0 kN/m 2 



Solution 

Step 1: Roof layout . 

The Hall is divided into small slabs spanning between (3-4 m in each direction). 

Assuming three beams spanning in the longitudinal direction (four spacing) and four 
beams spanning in the shorter direction (five spacing) gives 


13 

C, = — = 3.25 m 
1 4 


17 

C, = — = 3.40m 
2 5 
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The bending moment for each slab is taken according to code coefficients given in 
figure below 



d (maindirection) = t s -l5 mm=85 mm 

d (secondarydirection) = t s -25mm—75 mm 
For high grade steel the minimum area of steel equals 

A . =—bxd =^-x 1000x85 = 127.5 mm 1 
sm “ /, 400 

The following table summarizes the results of the bending moment in x direction and 
y-directions 

X-Direction 



W* 

kN/m' 

M x 

kN.m 

4.141 

4.374 





mnr/m'1 chosen 1 chosen 




0.0168 


litre 1 


5®8/m' 


5®8/m' 


5®8/m' 


5®8/m' 


Y-Direction 


Slab 

Ly 

(m) 

w y 

kN/m' 

M y 

kN.m 

d 

(mm) 

R 

CO 

As 

mm 2 /m' 

As 

chosen 

As 

chosen 

SI 

3.4 

3.550 

4.104 

75 

0.0243 

0.029 

161.8 

5® 8/m' 

251.3 

S2 

3.4 

2.709 

3.131 

75 

0.0186 

0.022 

127.5 

5®8/m' 

251.3 

S3 

3.4 

4.408 

4.246 

85 

0.0196 

0.023 

146.9 

5®8/m' 

251.3 

S4 

3.4 

3.550 

3.420 

75 

0.0203 

0.024 

134.2 

5®8/m' 

251.3 


* the minimum reinforcement (A S m„) controls the design 

Step 3: Design of the paneled beams roof 
Step 3.1: Assume concrete dimensions 

Assume that the depth of the beams is shorter span/14 

t =13.0/14 = 0.93m >Take t=950 mm and b=300 mm 
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Step 3.2: Calculate design loads 

The self-weight of the beams is averaged over the slab using 

ow k — y c xbx(t -t s )x ——-!—-2-— 

Z,xl 2 

300 (950-100) 3x17 + 4x13 2 

= 25x——— x--- x-= 2.97 /m 2 

1000 1000 17x13 

w,, =1.4xo.wo/ beams {kN / m 2 )+ w us (kN/m 2 ) 

w u =1.4x2.97+11.1 = 15.26 kN/m 2 

Step 3.3: Distribution of the design loads 

To determine the distribution of the load in both directions, use the total size of the 
hall not the individual slab dimension 

r ,r^ !Ea _i7_ 1307<15 ok 
Short span 13 

From Table 3.1, it can be determined that 
a=0.746 and (3=0.253, thus 

w a =0.746 x 15.26 =11.39 kN/m 2 , this load is for beams in the short direction (13m) 
wp=0.253 x 15.26 =3.87 kN/m 2 , this load is for beams in the long direction (17m) 





9-45 0=9o 6—45 
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Step 3.4: Design of paneled beams 

Step 3.4.1: Design of beam B1 (short direction) 

Design beam B1 for flexure 

Since beam B1 is spanning in the short direction, the load considered for design is w a 

The compatibility angle 0 equals the ratio of its distance relative to the centerline of 

the hall, thus 

0 = — x90 = 72° 

8.5 

w u b“ w a x spacing x sin 0 

w uh =11.39 x 3.4 xsin(72) = 36.83 kN I m' 


M 

8 


36.83 xl3 2 


= 778 kN .m 


bending 

Loads 


w„i,=36.82 kN/m' 
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Section 1 

This section has positive bending (778 kN.m), the compression flange form a T- 
section. The effective width equals 


16 t s +b = 16x100 + 300 = 1900 mm 
B = smaller of ■■— +b _ 13 x 1000 + = 2900 mm 

CLtoCL =3400 mm 

B=1900 mm 
Using the Cl-J curve 



900 = C1, 


778 xlO 6 
30x1900 


Cl=7.7 


The point is outside the curve use c/d) m j„=0.125 
c=0.125x 900=112.5 mm 

a=0.8 x 112.5 = 90 mm <t s .o.k. 

use j=0.825 

, M u 778 xlO 6 2 

A r =---= ■-—-— = 2616 mm 

s jxdxf 0.825x900x400 


A sm = smaller of 


°- 225 'lf™ bd = 9:^. 5 J?^. x 200x 900 = S32 mm 2 J <A. o.k 


1.3 A. = 1.3x 2616 = 3401 /wm J 


use (40>22+4<D20, A s =2777 mm 2 ) 


A s '=(0.1-0.2) A s 

Section 2 


choose (3016, 603 mm 2 ) 


.. w b xL 36.83x13 

M = -=- 

“ 24 24 


= 259.34 kN.m 


*=-^= 259 - 34xl ° 6 2 =0.0355 
fjod 2 30 x 300 x 900 2 


From the curve it can be determined that ra=0.043 
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A = 0 } — by.d = 0.043 300x900 = 870mm 2 >A s , m i n 

/ 400 

use (4 O 20, 1256 mm 2 ) 

Design Beam B1 for Shear 

The critical section for shear is ‘at d/2 from the face of the support. Assuming that 


column width (c) is 500 mm 


lr 4^ 36.83x13 - 36 g3 0j0 + O50 1 213 6 m 


= _g^ = 213.6x10 00 =QJ91Nlmm * 
bxd 300x900 

The concrete shear strength is given by 

a =0 24 J— =0.24 J— =1.07 NI mm 2 
Hc “ V 1.5 VT5 

Since q u <q cu the beam is considered safe, provide minimum area of stirrups 
Assuming spacing of 200 mm and using mild steel /J,—240 N/mm 

a . = i^-x300x200 = 100 mm 2 

"•""" f 240 

Assuming 2 branches, the area of one branch equals 


d sl , - ~~~ = 50 mm 2 


choose ()>8 (50 mm 2 ) 


Use 5<(>8/m' 

Step 3.4.2: Design of Beam B3 (longitudinal) 

Design Beam B3 for flexure 

Since this beam spanning in the long direction, the load considered is w p (3.87 kN/m ). 
The compatibility angle 0 equals the ratio of the its distance relative to the distance of 
centerline of the hall, thus 

6 = —— x 90 = 90° 

6.5 

= w p nspacing xsin$=3.87 x3.25x sin(90) = 12.58/:// /m 
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bending 

Loads 


w U b=12.58 kN/m' 


Moment 

factors 


Bending 

moment 



454.45 


Critical 

sections, 



Beam B3 


Section 1 

.. w ub xL2 12.58xl7 2 
M = — as -=-= 454.45 kN .m 

" 8 8 

This section has positive bending (454.45 kN.m), the compression flange form a T- 


section. 


B - smaller of \— + b 
5 


16 t,+b =16x100 + 300 = 1900 mm 


17x1000 


+ 300 = 3700 mm 


CLtoCL = 3250 mm 


B=1900 mm 


Because the steel in the longitudinal direction is placed on top of the steel in the short 
direction, the depth is less than the transverse direction by approximately 50 mm. 

d= 850 mm 

% 

Using the Cl-J curve 
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850 =C1 


454.45 xlO 6 


->C1=9.52 


30x1900 

The point is outside the curve use c/d) min =0.125 

c=0.125 x 850=106.25 mm 

a=0.8 x 106.25 = 85 mm <t s .o.k. 


use j=0.825 


A, = 


M„ 


454.45 xlO 6 


= 1620 mm 


s j*d*f y 0.825x850x400 

0.225 ^ bd _ 0-225^/30 x300x850 = 786 mm 2 J <A S o.k 


4 tmin = smaller of 


use (53)22,1900 mm 2 ) 
As'=(0.1-0.2) 


A 


400 

1.3^ =1.3x1620 = 2106mm 2 


choose (23)16,400 mm ) 


Section 2 

w„,,xi 2 12.58 xl7 2 


=- 


24 


R=- 




24 

151.5xl0 6 


= 151.5 kN.m 


- = 0.0233 


f cu bd 2 30x300x850 2 

From the curve it can be determined that co=0.028 

A = w Is-b x d = 0.028— x300x850 = 535 mm 2 

s f 400 

J y 


A,. = smaller of 

s min J 


0.225 jL, bd _ 0j25V30 x300x850 = 786 mm 2 
f 400 

1.3 A =1.3x535 = 696mm 2 J > A, {check 0.15/100 b d) 


But not less than x 300x850 — 382.5 mm 
100 

Use A Sin ,i n (696 mm 2 )—>—>use (2 3> 22, 760 mm 2 ) 

Design of Beam B3 for Shear 

Since beam B1 (which have more load than beam B3) requires minimum stirrups for 
shear, provide minimum stirrups as well for beam B3(5<j>8/m ) 
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The load on each beam will be calculated using the area method because the load is 
not symmetrical between each two successive supports. , 

The thickness of this beam should be at least the thickness of the paneled beams, thus 

try a beam cross section (250 x 950 mm) 

Ultimate beam self weight =1.4 y c b t 

w =1 4 x 25 x 0.25 x 0.95 = 8.31 kN / m' 

areaof thetriangular 1C . 0-5x 6.5 x 6.5 _ 4Q fi kN / m ' 
h span 6.5 

w H = w 0W + =8.31+49.6=57.9 kN/m 

Since the beam has an equal loads and spans, the code coefficients for continuous 

beam with two spans can be used 

Design of beam B5 for flexure 
Section 1 

M = = _ 7-9 x 6 ' 5 - = 271.84 kNjn 

“9 9 


BanWiB 


Ultimate 

load 


w uh =57.9 kN/m' 


Moment 

factors 


Bending 

moment 



Critical 

sections 
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Since this section is subjected to negative bending, it will be designed as rectangular 
section 

r = JL-= 271.84 x1 0 ^__ 0()447 
f cu bd 2 30x250x900 2 

From the curve it can be determined that co=0.054 

A = a^-bxd = 0.054-^- x250x900 = 916 mm 2 >A s , min 

s f 400 

J y 

use (5 0 16, 1005 mm 2 ) 


Section 2 


w.xL 2 57.9 x6.5 2 


= 222.4 kN.m 


This section has positive bending (222.4 kN.m), the compression flange form a re¬ 
section. 

6t s +b =6x100 + 250 = 850 mm 

B = smaller ofW + b = 0 - 8x . 6 - 5 ^iM + 2 50 = 770 mm J 

10 10 
CL to CL =1700 mm 


B=770 mm 
Using the Cl-J curve 


900 = Cl 


222.4 xlO 6 
30x770 


Cl=9.17 


The point is outside the curve use c/d) mi „=0.125 
c=0.125x 900=112.5 mm 

a=0.8 x 112.5 = 90 mm <ts.o.k. 

use j=0.825 


M„ 222.4 xlO 6 

jx.dx.f~ 0.825 x 900 x 400 


0.225^/30 


= 748 mm 2 


A . - = smaller of 

s min j 


x250x900 = 693mm 2 J <A o.k 


1.3 A, =1.3x748 = 972.4mm 2 


use (4016, 804 mm 2 ) 
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Design of Beam B5 for shear 

The critical section for shear is at d/2 from the face of the support. Assuming that 
column width (c) is 250 mm 


ultimate 

Loads 


w uh =57.9 kN/m' 


Shear 040 
factors A 


0.60 0.60 


critical 
150.5 section 



d/ 2 +c /2 


a =0.6»e,*i.-»e(f+|)- 225 ' 8 - 57 - 9 ( i f* ! f) = 192 - 5 “ 


a -_ja_ = -? 2 ' 5x 10 -- = 0.856 N/mm 2 
bxd 250x900 

The concrete shear strength is given by 


q C u = 0.24 = 0.24 = 1.07 Nlmm 2 

Since q„<q cu the beam is considered safe, provide minimum area of stirrups 
Assuming spacing of 200 mm and using mild steel/ y =240 N/mm 2 

A . =—bxs = -9^-x250x200 = 83.33 mm 2 

S ,.mm ^ 240 

Assuming 2 branches, the area of one branch equals 


83.33 2 

A,h = 2 = 41-67 mm 


choose ij >8 (50 mm 2 ), Choose 5 <j> 8 /m' 




Step 4.2 Design of Beam B6 

w 0 „ = 1.4 x 25 x 0.25 x 0.95 = 8.3 IkN/m' 

The weight of the slab will be divided in two parts 

area of the triangular/A .) „ „ „ „ 0.5 x 5.67 x 5.67 

w, = w„x-U- = 15.26 x- =43.26 kN/m' 

span 5.67 

w u/ =w,+w ow =43.26 + 8.31=51.5 kN/m' 

= W|f xZZSfA = 15 26x .1^.1.x 6.5 + 2 x 0.5(5.67 + 6.5) x 0.83 = 9? 33 
span 5.67 

w u2~W2+w ow =97.33 + 8.31=105.64 kN/m' 


Since the beam is equal in spans but the load magnitude differs by more than 20%, 
code coefficient can not be used. For simplicity, pattern loading was not considered. 
Using three moment equations to solve the indeterminate beam, applying the equation 
at b 

M a L, +2 M b (L,+L 2 ) + M c L 2 =- 6 (R ba +R bc ) 

The elastic reaction R ab and R bc equals 


*«>= — 


w . x 1} 51.5x5.67 3 


24 


24 


= 391.15 kN.m 2 




24 24 

From symmetry M b =M c and Ma=0, substituting in the moment equation gives 
0+ 2 Mb (5.67+5.67) + M b (5.67)= -6 (391.15+802) 


M b = - 252.4 kN.m 

M(+ve)span(ab) = 5L5x5 - 67 _ ^52A _ gQ ? ^ m 
8 2 

... . _ . 105.6x5.67 2 

M(+ve)span (be) =---252.4 = 171.9 kN.m 

8 
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A 5 , 67 6.5 A ] « , 5<57 

l --t —i—i—i—rri I ^ 


ultimate 


w u )=51.5 kN/m ' 


w„2= 105.6 kN/m' 


=51.5 kN/m ' 



Bending 

moments 



Critical 

sections 



Design of beam B6 for flexure 
Section 1 

M„=252.4 kN.m (rectangular section) 

R= J^= 252 - 4 *lQ —= 0,0415 

f cu bd 2 30x250x900 2 

From the curve it can be determined that co=0.050 


A = o—bxd = 0.05 -^-x250x900 = 843.75 mm 1 

1 f y 400 


4 • = smaller of < 400 


0.225>/30 


x 250 x 900 = 693 mm 2 J<A, o.k 


1.3^4 =1.3x843 = 1095 mm 2 


use (2 O 16+2 0 18, 911 mm 2 ) 
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A s < A Simill use As.min (693 mm 2 ) 
use (2 <t 16+2 <D 18, A s =911 mm 2 ) 
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Design of Beam B6 for shear 

Since the loading on the beam is not equal on all spans, code shear coefficients can not 
be used. The maximum shear is at section middle span (be) thus, the maximum shear 
can be obtained from the structural analysis of the beam. 

252 4 w U 2 = 105.6 kN/tn .. _ 252.4 


! critical section 


IfiSI 



Bi 


The critical section for shear is at d/2 from the face of the support(b). Assuming that 
column width (c) is 250 mm 

238.6x1PM 
bxd 250x900 

concrete shear strength is given by 

= °- 24 JS = 0-24 M = L ° 7N/mm2 

Since q u <q cu the beam is considered safe, provide minimum area of stirrups 
Assuming spacing of 200 mm and using mild steel240 N/mm 

A =—bxs= — x 250x200 = 83.33 mm 1 

s '- m, n f 240 

Choose 5 <j) 8/m' 
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FLAT SLABS 



Photo 4.1 Flat slab system 


4.1 Introduction 

Flat plates are one of the most commonly used structural systems in residential 
buildings hotels, commercial buildings, hospitals and office buildings. Flat plates are 
solid concrete slabs of uniform thickness that transfer the load directly to the columns 
without the presence of projected beams, drop panels or column capitals as shown^in 
Fig 4 1 A The ease of construction is one of the important aspects that make flat slab 
systems a very attractive solution. Architects prefer this system because the flexibility 
in the arrangement of columns and partitions with no obstruction of light In addition 
the absenceof sharp comers gives greater fire resistance, as there is less danger of the 
concrete spalling and exposure of the reinforcement. 
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The major concern when using flat plates is shear transfer from the slab to the 
columns. In other words, there is a danger that columns may punch through the slab. 
Therefore, if live loads exceed 3 kN/m 2 , it is advisable to use drop panels at the 
column locations as shown in Fig. 4.I.B. The use of the drop panels increases the 
negative flexural capacity at locations of high negative bending and reduces the risk of 
shear failure. Moreover, if the live loads exceed 6 kN/m 2 , it is recommend to use 
column heads as shown in Fig 4.I.C. In case of excessively heavy live loads (>10 
kN/m 2 ) such as in the case of industrial buildings and warehouses, the use of drop 
panels together with column heads is necessaiy as shown in Fig. 4.1 .D. 



C-Flat slab with column head D-Flat slab with drop panel and column head 


Fig. 4.1 Types of flat slabs 


The use of drop panels and column heads is more acceptable in parking garages, 
storage buildings, and similar structures. 
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4.2 Statical Equilibrium of Flat Slabs 

The floor shown in Fig. 4.2 consists of individual concrete strips that form a slab The 
two beams support the concrete strips at their edges. Assume that the total load of the 
strips including self-weight equals w„ (kN/m 2 ). The moment per meter at mid-span 
(section A-A) equals 

M = w > .:.(4.1) 

8 

The total moment in X-direction for the entire slab equals 

(w,, x A) x£ 2 .(4.2) 

m a-a~ - g . 

The reaction of the slab per meter is 

R xZ 2 .(4.3) 


The moment at mid span of the beam in Y-direction is 


IU = *2lLJ'l!jLZh l 

M be,m g V 2 


The total moment for both beams equals 


(w„xZ. 2 )xI 2 .(4.5) 

8 














It is clear that the lull load transferred by the concrete strips causes a moment in the 
X-direction of the slab and the full load is transferred again by the beams causing 
bending moment in Y-direction. This system of transferring the load is similar to a flat 
slab system supported on four columns. The total moment in X-direction equals 

K x£,)xZ4 


and the total moment in Y-direction equals 


(w u xL,)xL] 

8 


(4.7) 


It can be concluded that whether the structural system is slab-beam system or flat 
slabs as shown in Fig.4.3, the load is transferred in both directions. By comparing 
Equations 4.6 and 4.7, it can be noticed that the largest moment develops in the longer 
span direction. 



Fig. 4.3 Analysis of a flat plate system 


4.3 Minimum Dimensions According to ECP 203 

The Egyptian code requires certain minimum dimensions for different elements of the 
flat slab system. These minimum requirements are summarized in Fig. 4.4. 
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Slab Thickness(ts) 

150 mm 

LI 32 without drop 
LI 36 with drop 
where L is the longer span 

• Drop thickness (td) 





Column width (b) 

und er consideration 
20 
H 

b the bigger of- — (H — floor height ) 

300 mm' 

The width of the column may be taken equal to 250 mm provided that detailed 
column moment transfer calculations were performed 


Column head width (D) 

l 2 

D <- 2 - 

4 

Column Strip width (C s ) 


without drop 


Drop width (S) with drop 


Field Strip width (F s ) 

F — F _(7 

* s under consideration 

• Marginal beam thickness (t) 



Fig. 4.4 Minimum flat slab dimensions according to ECP 203 
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Exterior span Interior span 

Flat slab without drop panel 



L) • L, 


Exterior span Interior span 

Flat slab with drop panel 


Fig. 4.4 Minimum flat slab dimensions (cont.) 
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4.4 Analysis of Flat Slabs 

Flat Slabs may be analyzed and designed by any method that ensures that all the 
strength and serviceability requirements of the ECP 203 are satisfied. When slabs are 
supported on a rectangular grid of columns, the code offers two simplified methods 
for analyzing the flat slab system. The first method is the direct design method and the 
second one is the equivalent frame method. These two methods, which are mentioned 
in section 6-2-5-3 of the ECP 203, will be discussed in detail in the following sections. 

In addition, if the slabs have unusual geometric configurations or the columns are 
spaced irregularly, neither of the code methods becomes applicable. For these special 
cases, the designer may analyze the floor by using finite element analysis (computer 
model), in which the slab is divided into small finite elements connected by nodes. 
The stiffness matrix of each element is computed and the global stiffness matrix is 
constructed. Having determined the deformation at each node, the element internal 
forces can be evaluated (refer to Section 4.10 of this text). 

4.5 Direct Design Method 

4.5.1 Limitation of the direct method 

To ensure that the moments at the critical sections are adequate, the ECP 203 requires 
that the following design conditions be satisfied: 

1. A minimum of three continuous spans in each direction. 

2. The ratio of the longer to the shorter span within a panel should not exceed 1.3 

3. Successive span lengths in each direction should not differ by more than 10% 

4. Non-Successive span lengths in each direction should not differ by more than 20 /o 

4.5.2 Definition of column strip and field strip 

The distribution of moment varies continuously across the width of the slab panel. To 
simplify the steel arrangement, the design moments are averaged over the width of the 
column strip. 

The column strip width should be taken as 'A the short direction for flat slabs without 
drop panels. In the case of flat slab with drop panel, the colmnn strip width equals the 
drop width. The width of the field strip equals the difference between span length and 
column strip width as shown in Fig. 4.5. 

4.5.3 Calculation of slab load 

The calculation of the slab load is carried out in a similar manner like solid slabs. 
However, since the brick walls are often distributed over the plan, an average wa 
load w w is added to the design loads as follows: 

X- y ~K K xwall length (4.8.a) 

W --—-- " .. v J 

" areaof the floor 
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Fig. 4.5 Definition of column and field strips 
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4.5.4 Statical Moment M„ 

The direct design method is an empirical procedure for establishing the design 
moments at the critical sections. It is well known that the sum of the negative moment 
at the supports and positive moment at midspan of a uniformly loaded beam is wJL/8. 
Accordingly, for a uniformly loaded slab with width L 2> and span L„ the total statical 

moment M a equals 

M _ W„ xl 2 xi; ..(4.H) 


To account for the effect of supports on the value of the bending moment, the code 
gives the following equation for M 0 calculations 


w xf., ( T 

m ° = -^Ta L i ' 


(long direction).(4.12) 


w „ xL 


'-x L 2 -- 


(short direction) .(4.13) 


where D is the smallest distance at the intersection between the colunm and the si 
a supporting element does not have a rectangular cross section or if the sides of the 
rectangle are not parallel to the span, it is to be treated as a square support having the 

same area, as illustrated in Fig. 4.6. , 

The total static moment M 0 is divided into a negative moment at the support M c and 

positive moment at midspan M s as follows 

M c +M s =M 0 .< 414) 

Both M c and M s shall be distributed again between column and filed strips as 

described in section 4.5.5. 



Fig. 4.6 Definition of D for different flat slab systems 
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4.5.5 Distribution of the Statical Moment 

To simplify the analysis of flat slab floors, many design codes, including the ECP- 
203, approximate the actual distribution of the transverse moments by two regions of 
constant moment. The center strip, where the moment is the smallest, is called the 
field strip or middle strip, and the strip in the column zones, where the moment is the 
largest, is called the column strip. 

The distribution of the moments between column strip and field strip can be 
explained by examining Fig. 4.7. Beam A represents the column strip while beams B 
and C represent the field strip. Since beam A is rested directly on columns, beams B is 
supported on beam A. If all of the beams are subjected to uniform load w the 
developed bending moment in beam A is larger than that in beam B. This is because 
beam A cames the same uniform load w in addition to the reaction wL/2 from Beam 
B. For an actual flat slab, the ratio of column strip moment to field strip moment is 
variable and depends on the rectangularity ratio and the flexural stiffness of the 
exterior beams (if any) along the building perimeter. 



Fig. 4.7 Representation of column and field strips 


The total statical moment M a is divided into positive and negative moments according 
to tlie rules given in ECP-203 sec. 6-2-5-5. In the interior spans, 60% of M„ is 
distributed to the negative moment region and 40% to the positive moment region as 
shown m Fig. 4.8. This is approximately the case for a beam fixed from both ends and 
uniformly loaded where the negative moment is (wL 2 /12) 67% and the' positive 
moment is (wL /24) 33% of the total moment of wL 2 /8. 


Ill 


The distribution of the negative moment between column strip and field strip varies 
according to the stiffness of the edge beam. If the edge beam depth is less than three 
times the slab thickness, only 25% of M 0 is assigned to column stop as shown m Fig. 
4.8. 

In the case of floors that differ in spans (within 20% difference), the negative moment 
section of the slab is designed for the larger of the two-moments unless a moment 
distribution is carried out. Table 4.1 and Fig 4.9 give the distribution of M„ between 
column and field strip according to the Egyptian Code. 




Field strip 


0.45 M, I 


1 Column strip 


Interior panel 


Column strip 
No marginal beam 


Field strip 
No marginal beam 


Column strip 
With marginal beam 


Field strip 

With marginal beam 


Fig. 4.8 Distribution of M 0 between column and field strip 
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Table 4.1 Distribution of M a between column and field strip 


Strip type 

Marginal 

Exterior bay 

Interior bay 


beam 

-ve moment 

+ve moment 

-ve moment 

-ve moment 

+ve moment 



(external) 


(internal) 



Column 

no beam 

25 

30 

50 

45 

25 

strip 

with 

20 






beam* 






Field 

no beam 

5 

20 

20 

15 

15 

strip 

with 

10 






beam* 







* the depth of the marginal beam should be at least =3 ts 

.—► Column strip -ve moment = 45% 


Negative moment 
(60%) 


Positive moment 
(40%) 


Field strip-ve moment = 15% 

Column strip +ve moment =25% 


Field strip +ve moment = 15% 

A: Moment distribution in interior panels (with or without marginal beam) 


Negative moment 
(50%) 


Positive moment 
(50%) 


Column strip -ve moment = (20%+50%)/2=35% 
Field strip -ve moment = (10%+20%)/2=15% 
Column strip +ve moment =30% 


Field strip +ve moment = 20% 

B: Moment distribution in exterior panels with marginal beam 
Fig. 4.9 Distribution Moment in flat slabs using the direct design method 
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4.5.6 Moment Correction 


The distribution of M a between the field strip and the column strip, as proposed by 
ECP 203 is based on the assumption that the widths of the column strip and the held 
strip are’as shown in FigAlOa. If the field strip width is different from the ideal 
length as shown in Fig, 4.10b, a correction needs to be made. The moment m the field 
strip needs to be increased by multiplying their original value by the correction factor 
given in Table 4.2. In addition, the moment in the column strip is reduced so that the 
total bending is the same in either case as shown by the following equations. 


F J> .(corrected) 


1 C £ .(corrected) 


Actual width of FS. 

' M * Ideal width of FS. 

= FS-UtUd) + M c S.(ideal)} — ^ FS.(cc 


where the actual width and ideal length are given in table 4.2 

Table 4.2 Actual width and ideal length in field strip. 


Direction 

Ideal width 

Actual width 

Correction factor 

Long direction 

W2 

L 2 -S 2 

r r 

-V 

.S® f 3 

v—' 

. 

Short direction 

Ll-L2/2 

L.-S, 

L,-L 2 /2 

(L,-S.) 



W2 ' L,-L 2 /2 W2 





Long direction 


b. Actual 


Fig. 4.10 Moment correction for field strip in flat slabs with drop panels 












































4.5.7 Provision for Pattern Loading 

If the slab is subjected to heavy live loads, negative moments shall form at midspan in 
addition to the positive bending moments. If the live load (p) is greater than 1.5 the 

dead loads (g), the negative bending in column strip in L, direction can be estimated 
as follows 



(4.17) 


and negative moment in the field strip in L, direction is 



(4.18) 


where 

Li = span in direction 1 (refer to Fig. 4.5) 

L 2 = span in direction 2 

D = width of the column at slab intersection (refer to fig. 4.6) 
p = uniform live loads 
g = uniform dead loads 


4.5.8 Design Steps According to the Direct Design Method 

The steps necessary to perform the designs are briefly summarized as follows: 

1- Choose the appropriate flat slab system according to the intensity of the live 
load and the architectural requirements. 

2- Estimate the slab thickness according to code requirements 

3- Calculate the total static moment to be resisted in the two directions. 

4- Distribute the static moment between column strip and field strip. 

5- Divide the resulting moments by strip width to obtain the moment per meter. 

6- Design the sections to select the reinforcement. 

7- Design the slab for punching shear. 

Examples 1 and 2 illustrate the use of this method as applied to flat slabs with and 
without drop panels. If the slab thickness is greater than 160 mm, an upper 
reinforcement mesh should be provided to satisfy temperature and cracking 
requirements by the code. 


115 



4.6 Reinforcement of Flat Slabs 
4.6.1 General 

Minimum bar extension requirements are given in Fig. 4.11 and Fig. 4.12. In addition, 
to ensure the integrity of the flat slab floors, it is recommended that at least two 
bottom bars in the column strip should run through the core of the column. The 
minimum area of steel is given by 


xb x d (for all types of steel) 


Photo 4.2 Menara Telekom, Kuala Lumpur, 310 meters, 55 stories, 2001 
25th tallest building in the world 
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Wi th drop panel _._Without drop panel 


B : Bottom reinforcement 
T : Top reinforcement 
L : Center line distance 
Ln :Clear distance 












































DO 


Top reinforcement mesh 
Bottom reinforcement mesh 



4.6.2 Column Head Reinforcement 

Column heads should be reinforced with bars in the directions 1 and 2 as shown m 
Fig 4.13. Closed stirrups should be provided to secure die remforcement of the 
column head in place. Column head reinforcement should be designed to resist 
flexural moments resulting from either equivalent frame analysis or bending 
transferred to columns. This reinforcement should not be less than 4/o of the column 
strip negative reinforcement per meter multiplied by the perpendicular span. In th 
case of cfrTular columns, the required reinforcement is the sum of the two directions 
and should be uniformly distributed along the perimeter. 


i 


stirrups 



span length —'Ll 

Fig. 4.13 Reinforcement in column head 

Area of reinforcement 1 m xL 2 .——-.( ) 

Area of reinforcement 2 =-—xy4 srfo/2 /ni xL, ... ^ ^ 
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4.7 Punching Shear Strength of Flat Slabs 
4.7.1 General 

p mrhins shear strength is one of the most critical design aspects in determining the 
flat slab thickness. There are two shear failure mechanisms dismay be ^ ou ^ red ^ 

. fiat ci a b svstem The first is the one-way shear similar to that in beams, lm yp 
iytnSe design of flat slab floors. The second 

which the failure surrounds the column forming a pyramid shape. Normally, 
stresses resulting from the two-way shear are much higher than that resulting fro 

one-way shear. 

Two-way shear failure mechanism is usually encountered in flat slab and footings 
Interior columns are generally subjected to shear with negligible moment transfer 
fern the“to the columns. However, to ensure adequate shear sfrength, he 
Egyptian code requires that part of the connecting moment be transferred between 
slab and the columns, resulting in additional punching shear. 

The combination of shear and unbalanced moment is unavoidable at edge and comer 
™SoSio“ and occurs a. interior columns because of unequal spans and lateral 
£!T P “ention of punching failure of column-slab connections transfemng 
moment depends on an accurate calculation of shear stresses produced by momen 
transfer. 

One of the most widely used analysis methods is based on summing fee stresses 
developed by vertical shear and the stresses developed by fee unbalanced momen s. 
This detailed analysis is adopted by the ACI and the Egyptian code of practice. 
However fee computational time required for such analysis is still costly and is no 
fuifebfe fofroutine design computatfens. The Egyptian code also offers a simplified 
analysis method for calculating punching shear stress due to bofr' 
transferred to columns due to torsion. In this method, a magnification factor is used 
account for the portion transferred by the unbalanced moment 
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4.7.2 Critical Sections 

For both design methods, the critical section for punching shear is at d/2 from the face 
of the column. Fig. 4.15 shows several examples of internal, external and comer 
columns. If the openings are located less than 10 times the slab thickness, the code 
requires that the critical perimeter be reduced as illustrated in Fig 4.16. In floors with 
drop panels, two critical sections should be investigated as shown in Fig. 4.17. 


a,=Cj+d 



aj—cj+d/2 

fr——-H a, 



Fig. 4.15 Critical shear perimeter for internal, exterior and corner columns 



considered as 


free edge 




Fig.4.16. Critical sections for flat slabs with openings 
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Photo 4.3 Flat slab and solid slabs during construction in Dubi 
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4.7.3 Concrete Punching Shear Strength 

The Egyptian code states that the smallest of the following three values represents the 


concrete punching shear strength q cup 

qcup = 0.316 (0.5+^-)x E .(4.22.A) 

9a, = °- 8 + 0-2) x p- ...(4.22.B) 

°o V Jc 

q^p = 0.316^^<1 .6N /mm 2 ....(4.22.C) 

where 


a is the column dimension in the analysis direction, 
b is the column dimension in the perpendicular direction, 
a equals 4,3,2 for interior, exterior, comer column respectively. 
b 0 is the critical shear perimeter. 

The applied shear stress, calculated using either the detailed analysis described in 
section 4.7.4 or the simplified method described in section 4.7.5, should be less than 
concrete punching shear strength q cup . 


4.7.4 Detailed Analysis 
4.7.4.1 Introduction 

Concentric loading on flat slab systems as shown in Fig. 4.18, produces uniform 
punching shear stress that can be calculated from Eq. 4.23 


where 

Q up is the ultimate design shear force. 

b 0 is the critical shear perimeter b c =2 [(a+d)+(b+d)] 

d is the effective flat slab depth. 



(4.23) 


Fig. 4.18 Concentric shear stress calculations for interior column 


The case of concentric loading is rarely encountered in real structures. Therefore, the 
Egyptian code imposes a minimum amount of unbalanced moment that should be 
transferred to columns. This amount varies according to the location of the column. 
The moment transferred between slab and column, produce a complex behavior 
involving flexure, shear and torsion. 

4.7.4.2 Calculations of the Punching Stresses 


Figure 4.19 illustrate the moment and shear transfer at interior and exterior columns, 
where a shear and an unbalanced moment are transferred from the slab to column. A 
fraction of the unbalanced moment transferred by flexure (j f Mj), where y f is 
calculated from 


in which 



(4.24) 
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Fig. 4.20: Punching shear stresses for a corner column 
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The case of comer column subjected to eccentric punching stress is illustrated in Fig. 
4.20. The centroid of the critical perimeter lies closer to the inside face of the column. 
Hence, shear stresses due to moment transfer are larger at the outside perimeter. If the 
shear stress due to transferred moment is larger than shear stress due to gravity load q p 
as defined by Eq. 4.26, a negative shear stress may occur at these points (comers A, 
C). The punching shear stresses calculated using the code-detailed method is given in 
Eqs. (4.27-4.30). These stresses should be added to the punching stresses caused by 
the vertical loads. The final shear stress at each point for the comer column is 
computed using Eqs. (4.31-4.33). 

The shear stress due to gravity loads is given by: 


The shear stresses due to unbalanced moment M y are given by: 


_ My Y qy C AB 


_ My CCD 


The shear stresses due to unbalanced moment M x are given by: 

^ x Yqx CCB 


m. x y qx c A 


The total stresses at column comer points equal to: 


qA = q P + q y i-q X 2.(4.31) 

qB = q P + q x i + q y i.-.(4.32) 

qc = q P + q*i - q y2 .(4.33) 


These stresses should be checked against concrete shear strength given in Eq. 4.22. 
where the properties C AB , Ccd, Q:b,C ad , J cy , and for different column locations are 
given by: 
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Case of interior column (Fig- 4.19) 


C —C = — 

°AB CD 2 


C -C = — 

i ~ / CB ^ AD 2 


rfxaf a, xd 3 | d xafxb, 
6 + 6 2. 


dxb x b, xd 1 d xb, 2 xa, 
6 + 6 2 


Case of exterior column (Fig. 4.19) 


Cab (b,+2xa,) 


C = C — — 

'-'CB ° AD 2 


C C d ~ a \ C AB 


. . , . 2xrfxC^ 2xJxCj fi + a L x^ 

x b, *C AB + ^ 3 g 


d xb, 3 b, xd 3 d xb, 2 xa, 
Jc *~ 6 + 6 2 


Case of corner column (Fig. 4.20) 


Cab (2xb,+2xa,) 


CcB (2xb,+2xa 1 ) 


Ccd ~ a \ C A 


C A p —b x C CB 


J cy =d xb.xC,* +---+ 


d xCp D . d xC AB a i xd 


AQ _ l _ 

3 12 


J =d xa. xC^B + 


d xC 3 . d xC 3 fl , b, xd 3 
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4.7.5 Simplified Method 

The Egyptian code offers a simplified design method for calculating the total 
punching shear stress including shear stresses due to moment transferred to columns. 
In this simplified method, the shear stress due to vertical gravity loads is magnified by 
the factor p to account for unbalanced moment transferred to columns. The method 
implies that the estimated additional increase in shear stresses due to moment 
transferred from slab to column is 15%, 30%, 50% for the interior, exterior and comer 
column, respectively. 

The shear stress is given by 

't,f. (440 > 

where 

Q up is the ultimate design shear force 
p = 1.15 for interior column 
P = 1.30 for exterior column 
P = 1.50 for comer column 
b Q is the critical shear perimeter 
d is the effective slab depth 

Fig. 4.21 shows the critical shear perimeter and the loaded area for an interior column 
in flat slab floor. According to this figure, the calculation procedure is as follows: 

ixlj-a.xfc,} .(4.41) 


hii 

K 


(4.42) 


a^a+c? b { -b+d b a =2a t +2b t 

Table 4.3 summarizes the calculations of the critical shear perimeter and design shear 
force for interior, exterior and comer columns. 
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Example 4.1 

It is required to design the Flat Slab Roof shown in Fig. EX4.1. Columns (500x 500 
mm) are only allowed as shown. For architectural purposes, it is required that no drop 
panels or columns’ heads to be used. 


Concrete Characteristic Strength = 
Steel Yield Stress 

Live Load = 

Flooring 

Equivalent wall loads 
Floor Height 


N/mm 

N/mm 2 


The floor consists of three equal spans in each direction, the span in the long direction 

equals L, = 6.0 m and the span in the short direction L 2 =5.0 m 

The system satisfies the requirements of the empirical method specified in the o e- 
article (6-2-5-5) 

The average length L avg =5.5 m 


Step 1: Dimensioning 
■ Slab thickness (t s ): 


t s -bigger of 


150 mm 


Ljang_ = 6000 =187 5 mm 


32 32 


Take t s = 200 mm 

■ Column Dimensions (bxb) 


b = bigger of 


300 mm 

3500^200) =220mm 


L. 6000 

—L =-= 300 mm 

20 20 


Thus b=500 mm is satisfactory 
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• Marginal Beams (bbXtb) 

Punc hing stresses are usually high in exterior and comer columns. Hence, a 
marginal beam is considered with thickness t b £ 3t s a 600 mm 
Take t b = 700 mm & b b = 250 mm 

• Column and Field Strips:- 

Assume that width of Column Strip = 'A Smaller side = l/2x5.0 = 2.50 m . 

Width of Field Strip:- 

For short direction = 6.00-2.50 = 3.50 m 

For long direction = 5.00-2.50 = 2.50 m 

Step 2: Minimum steel requirements 

For f y = 360 N/mm 2 

A (Zone) = —x 1000x(200-20) = 300 mm 2 /m' 

A s min {short ) = — x 1000 x (200 - 30) = 283 mm 1 / m' 


Step 3: Load calculations 

Dead Load, g s = Own weight + Flooring + Equivalent Wall Loads 
= 25x0.20 + 2.0 + 1.5 = 8.5 kN / m 2 
Live Load, p s = 4.0 kN/m 2 

Since the live loads is less than 0.75 the dead loads 
w su = 1-50 (g s + Ps) 

= 1.5 x (8.50+ 4.0) 

. = 18.75 kN/m 2 


Step 4: Design of Strips 
Step 4-a: Long Direction 

Step 4-a-i: Statical system and bending moment 


AC 


2xP j 


As no column head is used D—b—0.50 m 
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,, 18.75x 5 ( 2x0.5 Y 

M = - 6.0-= 376.3 kN.m 

8l 3 J 

Percentage of moments is taken from Table 4.1 


Mo=376.3 kN 


Negative moment 
■225.78 kN.m(60%) 


Positive moment 
150.52 kN.m (40% 



Column strip -ve moment=169.33 kN.m (45%) 


Field strip -ve moment = 56.45kN.m (15%) 


Column strip +ve moment =94.08 kN.m(25%) 


Field strip +ve moment = 56.45kN.m(15%) 

Distribution of M 0 for an interior bay 

Step 4-a-ii: Design of sections 

Since the width of the column strip is 2.5 m, the maximum negative moment at the 
interior panel per meter equals 

= 169J3 = kN , 

2.5 

' S7 - 73 -'°‘ , -0.084 
f cu xbxd 2 25x lOOOx 180 2 

For a =0.0 oo=0.107 

f 25 

A=ax^f-xbxd = 0.107x-xlOOOx 180 = 1337 mm 2 /m' 


use ( 9<t> 14 /m') as negative column strip reinforcement in the long direction 
The design for the rest of the long direction critical section is given in the figure 

Step 4-b: Short Direction: - 

Step 4-b-i: Statical system and bending moment:- 


As no column head is used D=b=0.50 m 


,, 18.75x6/ 2x0.5 

M =- 5.0--- 

8 l 3 


= 306.25 kN.m 


Percentage of moments is taken from Table 4.1 
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Step 4-b-ii: Design of sections 

Since the width of the column strip is 2.5 m, the maximum negative moment at the 
interior panel per meter equals 

M u = 13? — = 55.12 kNmlrri 

since this is the secondary direction d=200-30=170 mm 

M' u _ 55.12x10 _ q 

R= f xbxd 2 ~ 25xl000xl70 2 

J cu 

For a =0.0 0=0.097 

A ^cox^xbxd =0.097x^x1000x170 = 1144 mm 2 /«' 


use (63>12/m'+3<D14 /m') as negative column strip reinforcement of the short direction 
The design for the rest of the short direction critical sections is given in the figure 


Step 5: Design of edge column strip 

Due to the presence of the marginal beam, the moment in the exterior strip/m' equal 
half the moment in the interior strip/m'. 

So, the reinforcement in the exterior strip/m equals half the reinforcement in the 
interior strip/m'. (While considering the minimum steel requirements). 


Step 6: Check for negative reinforcement in the field span 

As g s >2/3 p s , no top reinforcement is required. However, since the slab thickness is 
greater than 160 mm, shrinkage top mat is needed (use 6 <P 10/m' in the long direction 
and 5 <T 10/m' in the short direction) 


Step 7: Design for Punching Shear for Interior Column 

Assume concrete cover of 20 mm 

d = 200-20 = 180 mm 

a , =b,=500 +180 = 680 mm 

Q Up = 18.75 x 5.0 x 6 - 18.75 * 0.68 x 0.68 = 554 kN 

P =1.15 (case of interior column) 
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b 0 = 2 x (680+680) =2720 mm 


. QurP 554x1000x1.15 , 

- — , -—————— = 1.3 N/mm 

b a d 2720 x 180 

q cup is the smallest of 

1. q =0.316 p^ = 0.316 

V r c 


-1.29 N /mm 2 < l.6....j0.k 


2. q cut , =0.316 (0.5 + = 0-316 (0.5 + |^)x^| = 1.93 N/mm 2 

3. 4W-0.8(^ + 0.2)x - El =0.8(i^ 

\ K 2720 


+ 0.2) x J-j—r — 1.51 N/mm 2 


Note : a =4.0 for interior columns 
q C u P =1.29 N/mm 2 

Since q u =9^, the slab is considered safe regarding to punching 


ai=680 



The punching strength of the exterior and comer columns can be checked in similar 
manner. 
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Design of Short Direction 


Column Strip (Width=2.5m) Field Strip (Width=3.50 m) 
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Reinforcement Details 
Long Direction 


LEGEND 

















Reinforcement Details 
Short Direction 






























3012/m 6di10/m 



Cross sections in the short direction 


1.25 


Field Strip Column Strip 



Alternative reinforcement using mesh 

LEGEND ^ 

____ Bottom 

y't | r> 

A i 1 


Reinforcement mesh 


1 25 i _ 3.50 _J._-— 

“ Field Strip Column Strip 

































Example 4.2 

It is required to design the flat slab Roof shown in Fig. EX4.2. Columns (500x 500 
mm) are only, allowed as shown. 

Data:- 


Concrete Characteristic Strength = 

25 

N/mm 2 

Steel Yield Stress = 

360 

N/mm 2 

Live Load = 

10.0 

kN/m 2 

Flooring = 

2.0 

kN/m 2 

Equivalent wall loads = 

1.5 

kN/m 2 

Floor Height = 

3.50 

m 


Solution:- 

Since live load is relatively high and there is no architecture restriction, use flat slab 
with drop panels. 

The floor consists of three equal spans in each direction, the span in the long direction 
equals L, = 6.0 m and the span in the short direction L 2 =5.0 m. 

The system satisfies the requirements of the empirical method specified in the Code¬ 
article (6-2-5-5). 

Step 1: Dimensioning 
* Slab thickness (tj):- 


t , = bigger of 


150 mm 


6000 


36 36 


^long 


= 166.67 mm 


Take t s = 200 mm 

* Column Dimensions (bxb) 


b = bigger of 


300 mm 


' ‘clear _ 


(3500-200) 


15 15 

Z, _ 600 
20 ~ 20 ~ 


= 220 mm 


300 mm 


Take b=500 mm 











■ Drop Panel 

-Dimensions of Drop panels S 
a L,/3 

s L 2 /2 

Taking the Drop Panel Dimensions 2.00 x 2.00 (refer to roof layout) 

■ Thickness of Drop Panel 

Thickness of drop panel under the slab a t s /4 = 200/4 = 50 mm 
Taking the total depth at drop panel = 200+50 = 250 mm 
* Marginal Beams (b b xt b ) 

No marginal beam is provided 

■ Column and Field Strips:- 

Width of Column Strip = width of drop panel = 2.0 m (in each direction) 
Width of Field Strip:- 

For Long Direction = 5.00-2.00 = 3.0 m 
For Short Direction = 6.00-2.00 = 4.0 m 


Step 2: Minimum Steel Requirement 


For f y - 360 N/mm 2 


A s, mm (long) = ~ x lOOOx (200 - 20) = 300 mm 2 !tn' 


4 .* (short) = ~ x 1000 x (200 - 30) = 283 mm 2 / m' 

J y 

Minimum Steel Reinforcement at the location of drop panel 
A a X 0-60 

(long) = — x 1000X(250- 20) = 383 mm 2 !m' 


A s min (short) = ~- x !000 x (250 - 30) = 367 mm 2 / m' 


Step 3: Calculation of Loads 

There is additional weight due to the presence of 50 mm drop in the column strip 

=25xt <' x TTJ~ = 25x0 - 05x ~ = 0A667 kN/m 2 
L \ x h 5 x 6 
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Dead load, g s = Own weight + Flooring + Drop + Equivalent Wall Loads 
= 25 x0.20 + 2.0 + 0.167 +1.5 = 8.667 kN/m 2 
Live load, p s = 10.0 kN/m 2 

Since the live loads is greater than 0.75 the dead loads 
w su = 1.4g s +1.6p s 

1.4x8.667+ 1.6x10 
= 28.13 kN/m 2 


Step 4: Design of Strips 
Step 4-a: Long Direction 

Step 4-a-i: Statical system and Bending Moment 

As no column head is used D=b=0.50 m 
= 28^x5^ 0 _2>^5j =564.6 kN.m 

Percentage of moments is taken from Table 4.1 

Step 4-a-ii: Moment Correction 

Since the width of the column strip is less than 'A the short span and the flat slab is 
with drop panel, moment correction needs to be carried out. The correction is applied 
to the field strip and then the column strip moment is adjusted accordingly. The 
correction factor equals to the ratio of the actual width of the filed strip to the width of 
the filed strip in case of no drop panel is used (ideal width). The ideal column strip 
width equals 2.5 m and the ideal field strip width is given in thfe following table: 


Long direction 

Actual width of filed strip Ideal width of filed strip _ correction factor 

3 5-2.5=2.5 1.2 
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The calculation of bending moments in the longitudinal direction of an interior bay is 
given in the following table: 



Negative moment (kN.m) 

Positive moment (kN.m) 


field strip 

(20%) 

column strip 

(%50) 

field strip 

(15%) 

column strip 

(25%) 

before 

correction 

112.92 

282.31 

84.7 

141.16 

After 

correction 

1.2x112.92 

=135.5 

(112.92+282.31)- 

135.5 =259.73 

1.2x84.7 

=101.6 

225.86-101.6 

=124.2 


Step 4-a-iii: Design of Sections 

Since the width of the column strip is 2.0 m, the maximum negative moment at the 
interior panel per meter equals: 

259 71 

M “ = "To = 129-86 kN - m/m ' 


= 0.098 


R - M u 129.86x10* 

f m xbxd 2 25xl000x230 2 

For a =0.0 co=0.129 


f ?5 

A > = cox-j^-xb xd = 0.129x——x 1000 x 230 = 2063 mm 2 /m' 
J y 360 

Step 4-b: Short Direction 

Step 4-b-i: Statical system and Bending Moment 


M - W ’« xL > (r 

8 { 2 3 


As no column head is used D=b=0.50 m 




= 459.5 kN.m 


Percentage of moments is taken from Table 4.1 
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Step 4-b—ii: Moment Correction 

Since the width of the column strip is less than A the short span and the flat slab is 
with drop panel, moment correction needs to be carried out. The correction is applied 
to the field strip and then the column strip moment is adjusted accordingly. The 
correction factor equals to the ratio of the actual width of the filed strip to the width of 
the filed strip in case of no drop panel is used (ideal .width). The ideal column strip 
width equals 2.5 m and the ideal field strip width is given in the following table: 



Step 4-b-iii: Design of Sections 

Since the width of the column strip is 2.0 m, the maximum negative moment at the 
interior panel per meter equals 

= 216 1 6 =10g _ 3 kN m/m' 

" 2.0 

The depth in the short direction=250-30=220 mm 


M u _ 108. 3 xlO 6 

fa, x bxd 2 ~ 25x1000x220* 


0.09 


For a =0.0 eo=0.116 

A =ax Ln. x i ) xd =0.116x—xl000x220 = 1773 mm 2 /m' 

S f 360 

J y 

Step 5: Design of edge column strip 

Due to the presence of the marginal beam, the value of the bending moments in the 
exterior strip/m' equal to half the value of the bending moments in the interior 
strip/m'. 

Accordingly, the reinforcement in the exterior strip/m equals half the reinforcement in 
the interior strip/m'. (While considering the minimum steel requirements). 

Step 6: Negative reinforcement in the midspan 

Since g s >2/3 p s (8.6>2/3 x 10=6.67), no negative moments will be developed at 
midspan and no top reinforcement is required for such a reason. However, since the 
slab thickness is greater than 160 mm, top reinforcement is needed to resist shrinkage 
and temperature stresses. 

Provide 6 O 10 /m' in both directions. 
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Step 7: Design for Punching Shear for Interior Column 

Since the floor is flat slab with drop panels, two critical sections should be 
investigated as shown in figure. 

Step 7.1: Section 1 

d = 200-20 = 180 mm 

aj =bj=2000 +180 =2180 mm 

Q up = 28.13 x 5.0 x 6 - 28.13 x 2.18 x 2.18 = 710 kN 

P =1.15 (case of interior column) 

a,=2180 




.critical section 1 


—1 ci h~ 


\ critical shear section 1 

x -— | 2000 

b 0 = 2 x (2180+2180) =8720 mm 

- -QmP 710x1000x1.15 . , 

- ~r T -—;-= 0.52 N / mm 

b„d 8720x180 

q cup is the smallest of 

1. = 0.316 pc = 0.316.P- = 1.29 N I mm 2 < 1.6 ...,o.k 

vn »1-5 


2. qav =0.316 (0.5 +f)*^ =0316(0.5 + |^)x 1 ||=1.93J 

3 - <lc P = 0.8(~ + 0.2)x p = 0.8 (ii^ + 0.2) x JH = 0.92 
b „ V r c 8720 V 1.5 


N / mm 2 


N / mm 2 


Note : a =4.0 for interior columns 
q cup = 0.92 N/mm 2 


since q u <q cup , section 1 is considered safe 


153 


Step 7.2: Section 2 

Assume concrete cover of 20 mm 
d = 250-20 = 230 mm 
a, =bi=500 +230 = 730 mm 
Q up = 28.13 x 5.0 x 6 - 28.13 x 0.73 x 0.73 = 829 kN 
P =1.15 (case of interior column) 
b 0 = 2 x (730+730) =2920 mm 



q cup is the smallest of 

1 a =0.316 p+ = 0.316= 1-29 N/mm 2 
V y c V1.5 


2. 0.316(0.5^)* JS .0,316(0,5+11)^.1.93 W/™,- 




Note : a =4.0 for interior columns 
q cup =1.29 N/mm 2 

Since the slab is considered urcsq/e 
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One of following solutions can be followed 

1. Increasing concrete compressive strength to 30 N/mm 2 will increase q to 

1.42 N/mm 2 Cup 

2. Increasing column dimensions to 600x600 will decrease q u to 1.24 N/mm 2 

3. Increasing drop panel thickness to 70 mm will decrease q u to 1.27 N/mm 2 
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B —(-Field Strip A “f Column Strip 

1 3.00 2 M - 



B -4- 


-4- [2 


Reinforcement Details 
Long Direction 

LEGEND 


BOTTOM 
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Reinforcement Details 
Short Direction 


LEGEND 
---top 


BOTTOM 


Field Strip _ Column Strip 


































Cross sections in the short direction 


UsSTthe I! simplifxed method, check the safety against punching failure of a 
comer column (0.4 x 0.4 m) in a flat slab system without marginal beams of a typical 
panel (6.5m x 6m). The total ultimate loads is 17 kN/m , t s -200 mm and f cu 25 

N/mm 2 . 

Solution 

Assume concrete cover of 20 mm 


d = V20 = 180 mm 

a , =b,=400 +180 /2 = 490 mm 

Q up = 17 x 6.5/2 x 6/2 - 17 x 0.49 x 0.49 = 161.7 kN 

P =1.5 (case of comer column) 

b 0 = 2 x 490 =980 mm 


Q, ip p _ 161.7x1000x1.5 
b d 980x180 


= 1.374 N/mm 


q cup is the smallest of 

i a =0316 p*-= 0.316. =1-29 A / mm 2 <\.6....a.k 

Ha ‘i> \j y c \ 1.5 

2- ,,=0316(0-5*2)^ ,0J16(0.5 + ^)*J§=1.93W/™‘ 

3. ,,.0.8<^ + 0.2)kJS -0.8(^+0.2>*J§.U5X/™- 

°0 V f C 

q cup =1.29N/mm 2 

q up >q cup , punching strength of the comer column is unsafe . To increase the punching 
strength of the slab one of the following solution may be adopted: 

1. Increase the compressive strength of concrete 

2. Increase the dimensions of the comer column 

3. Increase the thickness of the slab o ,,, 

4. Use drop panel or column head if such a solution meets the acceptance of the 
architect. 


critical shear section 1 
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Example 4.4 

Redesign the previous example using the code-detailed method 

Solution 

Stepl: Calculate the unbalanced moments 

H. x = 17 x 6 x (6.5 - 2/3 x 0.4) 2 / 8 = 495 kN.m 
Moy = 17 x 6.5 x (6.0 - 2/3 x 0.4) 2 /8 = 454 kN.m 
% of column strip moment = 40% (no edge beams) 

M-ve column strip in x-direction (M y ) = 0.4 x 495 = 198.2 kN.m 
M-ve column strip in y-direction (M x ) = 0.4 x 454 = 181.6 kN.m 
Moment transferred to column in x-direction (M y )= 0.9 x 0.5 x 198.2 = 89.2 kN.m 
Moment transferred to column in y-direction (M x )= 0.9 x 0.5 x 181.6 = 81.7 kN.m 



Yqx=y q y= 1- 0.6 = 0.4 

Moment transferred by torsion in x-direction M y = 0.4 x 89.2 = 35.7 kN.m 
Moment transferred by torsion in y-direction M x = 0.4 x 81.7 = 32.7 kN.m 

Step 2: Calculate section properties 

ai=c,+d/2 = 0.4 +0.18/2 = 0.49 m 
bi=C2 + d/2 = 0.4 +0.18/2 = 0.49 m 
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C C d=Cad= 0.49 -0.123 =0.368 m 


0.18x0.368 3 0-18x0.123 3 = 0.00465m 4 


J cx = J cy =0.18 x0.49x0.123 2 +—--+-3 + 

Step 3: Calculate shear stresses 

The ultimate shear force equals 

Q up = 17 x 6.5/2 x 6/2 - 17 x 0.49 x 0.49 = 161.7 kN 

The shear stress due to punching of the gravity loads equals to. 

= jag- = : 161 - 7><100 — -Q.917 N Imm 1 
b d 980x180 


(m r qy ) c ab 

35.7x 0.123 _ q 944 jy / mm 7 

II 

0.00465x1000 

{ M y y<iy ) C CD 

35.7x 0.368 _ 2 .&2N/mm 2 

lyt ~ j 

J yx 

0.00465x1000 

Y qx ) ('cb 

32-7 x °- 123 - 0 . 86 N Imm 2 

Qxl ~ T 

J cx 

0.00465x1000 

Yqx)*-'AD 

32.7x 0.368 _2.58 N Imm 2 

q x2- j 

0.00465x1000 


q A = q P + qy. - 9x2= 0-917 + 0.944 -2.58 = -0.723 N/mm 2 

+ q + q = 0.917 + 0.86 +0.944 = 2.717 N/mm —— » q cu P (unsaf) 

Z, Z 4 1,- 0.917 + 0.86 -2.82 - -1.043 NW 

Therefore, the maximum shear stress is at comer B with a value of 2.717 N/mm .The 

value of the shear stress obtained using the simplified method (1.375 N/mm) is 

extremely low when compared to the value obtained using the detailed method. This 

leads to a conclusion that the values of (3 given in the simplified method of the 

Egyptian code should reviewed. y 

10.723 

-,/Ja 
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4.9 The Equivalent Frame Method 
4.9.1 Introduction 

The Equivalent frame method was first introduced in 1948 It is intend f 

3SH 

F= 

The equivalent frame method for design of the flat slah svstcm ic 

method of analysis when compared wiS the direct de^EL T^LTr 

The mam features of this method can be summarized as follows: 

L ^ ments are distributed among the critical sections by employing an elastic 

° f ^ ** n,o?2caI"Sg 

2. There are no limitations on loading or dimensions. 

‘ in Jhe^tT * ^ ° f “ SUCh “ dr0 P P anel to be considered 

4 frame 31 C8n be P erforaied durin 8 the computations of the equivalent 

5 ' ^ m i° n fL StatlCal T^T calculated u sing this method need not exceed the 
moment M 0 required by the direct design method. 

4.9.2 Structural Analysis 

wmmmm 
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Fig. 4.23 Elements of the equivalent frame method 


column. 

sssasss-Sft! 

SS3SK5sm«km 

flexibilities of the actual column and the slab strip. 


2X K > 


(4.46) 


Recalling that the stiffness of a member is the inverse of the flexibility of that 
member, the previous equation can be rewritten as 



2X 

(■•¥) 


(4.47) 
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Where: 

K =^. E ' xI Z- 
c h 

The form of the previous equation can be explained by making an analogy between 
the equivalent column and the system of two springs. The total deformation of both 
systems equals the sum of the two individual displacements. If the two springs are 
replaced by a single spring with an equivalent stiffness K ec , the second system must 
deflect similar to the original system when identical load P is applied at the end 
Equating the deflection of system 1 to that of the equivalent system 2 gives 


A - A, +A 2 .(4.48) 

Since the relation between force and displacement for a spring is P=KA where K 
stiffness^T 18 Stlf&eSS ’ Eq ' 4-48 can be ex P ressed in term of the applied load P and the 



(4.49) 


dividing both sides with P gives 


_1 _ 1 _ 

K c + K, 



(4.50) 


thenoSr V 6 I l?T lar t0Eq ' 450 but includes a animation sign to account for 
the possibility of contributions from columns above and below the slab 

An approximate expression for the stiffness of the torsional member, based on the 
results of three-dimensional analysis of various slab configurations is given by 



E c is the modulus of elasticity of concrete. 
c 2 is the transverse dimension of the column, equivalent column, capital or bracket 
shV^nFig 4 23 Center Stance measured perpendicular to the analysis direction as 

An expression for C, which is a cross sectional constant to define torsional properties 
is given byi r r > 





(4.52) 
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where b and t are the shorter and the longer dimensions respectively for the member. 
It the torsional member consists of beam and slab, the section can be divided into a 
number of rectangles. 


Table 4.4 Distribution of column and field strip in equivalent frame method 


Moment type 


negative moment in 
interior panel 


negative moment in 
exterior panel 


Percentage of mom ent form tot al moments 


Column strip_I Field stri 





b-Two springs system c-Equivalent spring system 


Fig. 4.24 Equivalent column and analogous spring system 
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Fig. 4.25 Column and field strips in the equivalent frame method. 




Ev^tethe effective stiffness for exterior column shown in figure bekw.Theffloor 
consists of an 200 mm thick slab supported on a marginal beams that are 300 mm 

wide and 600 mm deep. 





1 5 


200 mm 


300 1 400 


Solution 

Step 1: Compute column stiffness 

The equivalent column stiffness equals 

2X 


= 




The stiffness of each column equals 

K _ 4xE ' x[ * 

Kc h 

The height center to center of the column varies from one floor to the other ; 
h i=4500 mm and h 2 =4000 mm. The moment of inertia for the column is taken about 

axis parallel to the edge of the slab 


/„ = : 




500x300 3 


12 


= 1.13x10 mm 


4 X E x/ 4xx/ 4x£.xU3xl0 9 4xE c xl,13xl0 9 


K 


4000 


4500 


= 2.125xl0 6 E c 


Photo 4.4 Flat slab system during construction 
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Step 2: Compute the torsional member properties 

According to the ECP 203 the attached torsional member is divided in two parts The 
dimension of the slab portion equals (b,=200. t,=400) and that for the beam equals 
(b2-300, t 2 =600). The torsional constant C equals 


C = T fl-0.63-)x-^H 
^ l t) 3 


C= ( 1-Q.63 ^)xl 00 - x400 + [y 0 6? 300y 300 3 x 600 
A 400 J 3 600 3 


= 4.43xl0 9 mm 4 


Since torsion arms of the proportions exists on both sides of the column, two identical 
terms are included in the determination of K, as follows 




9 E c C 

I 2 -(l-(c 2 /I 2 )) 3 


„ „ 9E -4.43xl0 9 

y=2x --— = 17.25x10 E c 

6000-f 1 

UoooJ 


Step 3 Compute the Equivalent column stiffness K ec 

v _ Yi K c 2.125xlO 6 £, 

K « ~7 —^r—T = 7 ~- -r —r = 1.89xl0 6 E 

n IX ( u 2.125x10* g \ 

K, 17.25x10* £ 
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4,10 Computer Model of Flat Slabs 

Flat slab can be modeled using shell or plate bending elements, while the beams are 
modeled using frame elements. 

When flat slabs are modeled using thin shell elements and beams are modeled using 
frame elements, the eccentricity of the slab from the c.g. of the member should be 
considered. However, the common practice is to neglect such an effect. 

The effect of the torsional moment m xy must be considered when analyzing the results 
of finite element programs as shown in Fig. 4.26. In case of using uniform 
reinforcement arranged in two perpendicular directions, the bending moment in any 
strip can be obtained using the following equations 

m x =|'«,|+K'I. (4 ' 53) 

s,-H + KI. (4 - 54) 

where 

m and m are the maximum bending moments per meter in x and y directions, 
respectively. The design moment m x or m, need not exceed 1.5 the average moment in 

the strip. 

I^jand^l are the absolute value of the bending moment in the strip 
jm^l is the absolute value of the torsional bending moment in the strip 

In the case of modeling the columns as points restrained in the vertical direction, the 
design moment is taken at the perimeter of the columns. It should be noted that the 
finite element method usually overestimates the negative bending moment over the 
supports and underestimates the positive bending moment at midspan. 

It should be mentioned also that deflections obtained using analysis that based on 
linear elastic finite elements should be modified to take into account the effect of 
cracking. 

According to the ECP 203, the main reinforcement can be arranged in the direction of 
the principal tensile stresses with a maximum deviation of + 15 degrees. Otherwise, 
the reinforcement should placed in two perpendicular directions. 



m y 

Fig. 4.26 Internal moments on a slab element. 
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An example of the results obtained from modeling the flat slab using plate elements is 
shown in Fig. 4.27. One can notice the intensity of the moment contours over the 
column locations. 



B8B ill ISSiSiiililSI 1 llllli*|| ill 

Iliii Bi liiiiBiilliliiiliisiiii BHBBiIgiiiigBiaiiiisiigl 



When designing the top reinforcement of the flat slab one should use the value of the 
bending moment at the face of the column (Sec. 1-1 and Sec. 2-2) as shown in Fig. 
4.28. In other words, the contour line located inside the columns should be ignored. 



2 


Fig. 4.28 Moment contours at column locations 
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Photo 5.1 Spiral staircase at Area showroom, USA. 

5.1 Introduction 

Reinforced concrete stairs are essential elements in buildings to transfer people from 
one level to another. The staircase consists of landings and flights. Ihe flight is an 
inclined slab that consists of risers and treads (going), while the landing is a horizon a 
slab. The flights and the landings are supported on broken, inclined or horizontal 
beams and columns as shown in Fig. 5.1. 


REINFORCED CONCRETE STAIRS 


ii 
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Fig. 5.1 Details of landings and flights for a staircase 

The stair consists of risers and treads (going). The height of the riser (r) is about 150- 
200 mm, while the width of the going (t r ) is about 250-300 mm as shown in Fig. 5.2. 
The higher the riser the shorter the going. It is common practice to form the height of 
the riser at 150 mm and the width of the going at 300 mm. A good design of the stair 
should comply with the following role of thumb 

2 r + t r =600-620 mm.(5.1) 

To achieve comfort, landing has to be formed every 10-14 steps. Landing may be also 
needed when a change in the direction of the stairs is required. 



Fig. 5.2 Geometric design of the stairs 

The width of the stair in each direction usually ranges from 0.9-1.5 m and the space 
(stairwell) between each flight ranges from 0.3-0.6 m. Thus, for residential building 
with a height of no more than 3 m, the total space for the staircase is approximately 
3x6 m as shown in Fig 5.3. For proper geometric design, care should be given to the 
details C and D in Fig. 5.3. 
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5.2 Structural Systems of Stairs 

From the structural point of view, the types of stairs can be classified into five 
categories as follows: 

1. Cantilever type. 

2. Slab type. 

3. Slab-beam type. 

4. Spiral type 

5. Free-stranding type 

The main differences among these types are the way through which the flights and the 
landings transfer their loads to the supporting beams and columns. 


Photo 5.2: Cantilever reinforced concrete stair 


Since the flight is inclined, the self-weight of the flight is normally calculated in the 
horizontal projection. Thus, the vertical distance t is used in the weight calculations of 
the loads as shown in Fig. 5.4. 



w = Yc x{bxtx 1) w = y c x(bxtx 1) 


y x(b xt xl) ,, * ... 

w{H.P) = l£ - 1 - -—± = y c x{bxt xl) 

cos 6 

Fig. 5.4 Calculation of the flight self weight 

5.2 Cantilever Type 

In this type the flights, the landings and the stairs act as a cantilever slab supported on 
a bearmor i wall 5 shown in Fig. 5.5. Care should be taken to the correct placing of 
the main reinforcement in the stairs and inside the beam dunng construction time. 



Fig. 5.5 Examples of cantilever stairs 


178 


















The staircase is designed by taking one-meter width of the flight or the landing with an 
effective depth d avg . The effective depth is taken as the average depth of the section 
The main reinforcement is placed in the top of the stairs and anchored to the 
supporting beam as shown in Fig.5.6. The selected reinforcement is normally two bars 
preferably placed at the middle of the stair and at the stair edge as shown in Fig. 5 . 7 . ^ 
this case, an additional bar is placed at the other edge. The bending moment developed 
in the stairs is transformed into torsion on the beam. The amount of the developed 
torsion is quite large and should be investigated. A light reinforcement mesh is placed 
in the bottom face to resist cracking and shrinkage. 



Fig. 5.6 Cross section in a cantilever stair 

Live loads (3-4 kN/m 2 ) are applied in form of uniform loads on the stairs in the 
horizontal direction and a concentrated line load (P u =l-1.5 kN) on the free edge as 
shown in Fig. 5.6. The uniform loads w u is the summation of the (slab+stair) 
weight(using t avg ), covering material (0.8—^ 1 kN/m 2 ), and live loads. The effective 
span L e ff is taken as 

=min \ Lclar +tm * . (5 2 ) 

[edge to CL ' ' ’ 


t «s + 


riser(r) 


Stair total self weight =t avg x y c ...( 5 . 5 ) 

w u = 1.4 w DL + 1.6 w LL .(5.6) 

w„=1.4 [t avg x y c + covering material(0.8-»l)]+ 1.6 w LL (3—>4) .( 5 . 7 ) 



The main reinforcement should securely anchored in the supporting beam with a 
minimum distance equal to tension development length ( L d ) as shown in Fig. 5.6. 

main 

reinforcement 

going (t r ) 


additional bar 

(<j>8 or<t> 10 ) 


riser (r) 


riser(r) 


light reinforcing mesh 


Fig. 5.7 Reinforcement placement in a cantilever stair 


Photo 5.3 Cantilever stair during construction 
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Example 5.1 

The staircase shown in figure below is a cantilever type for a floor height of 3.0 m. 
The live load is 3 kN/m 2 , the characteristic strength of concrete is f cu =35 N/mm 2 and 
f y ~400 N/mm 2 . The weight of the covering material is 0.8 kN/m . Design and draw 
reinforcement details for the staircase and the supporting beams. 


floor slab 


floor beam 
' 250x600 


stair beam 


Sec A-A 



Architecture Plan 


Solution 

Step 1: Design of the flight 
Step 1.1: Load calculations 

Assume the riser height is 150 mm and the going width is 300 mm, the slope of the 
stair equals 


9 = tan 


jHfL =tan -.ri5o l 26 . 56 o 
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Assume t s =140 mm 

To calculate the loads on the horizontal projection, use the vertical thickness t 

,• = _ = --= 156.5 mm 

cos(<9) cos(26.56) - 

To include the weight of the stairs (goings and risers) in the dead load calculation (in 
the horizontal direction), one has to calculate the average vertical thickness 

t = ,* + ™£l = 156.5+^ = 231.5 mm 

‘m* 2 2 

Stair total self weight =t avg x y c = 0.2315 x 25=5,7875 kN/m 

w _ = 1.4 Wdl + 1.6 w ll =1.4 (self weight +covering material)+ 1.6 w LL 

Wu = 1.4 x (5.78 + 0.8) + 1.6 x 3 = 14.02 kN/m 2 

Taking a one-meter strip then w„= 14.02 kN/m' 

An additional concentrated live load (P edg e)of 1.5 kN/m' is assumed at the free edge. 

P u = 1.6P edge = 1.6x1.5 = 2.4 kN Im' 

Step 1.2 Bending moments 

The effective span is given by 


, . „ min f ( 1 - 6+0 - 231=, - 831 m 

V =mU * { edg etoCL _ 11.6 + 0.125 = 1.725 m 

1.725 m 



Ldear 1 -6 IT1 


1—0.125 


tj=0,231m 


w„=14.02 kN/m' 


L e ir-1-725 m 


P=2.4 kN 


M u =25 kN.m 
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The maximum bending moment on a 1.0 m strip of the stairs is 
„ , 14.02xl.725 2 

M » = - ~ + P u xL eff =---+ 2.4x1.725 = 25 kN.m 

Step 1.3: Design of stairs 

Assuming 20 mm concrete cover, the effective depth equals 

d = t avg - cover = 231.5 — 20 = 211.5 mm 

Recalling that we base the design on a strip of 1.0 m (b=1000 mm) 


f^bd 2 35xl000x 211.5 2 


= 0.016 


Using the R-co curve 


■co=0.019 


f 35 

A s = co ~-b d = 0.019x-x 1000x211.5 = 346 mm 2 

/, 400 

= ^/>d = -^xl000x211.5=317 mm 2 <As 
Jy 400 

Aj/step =A S x step width(going)=346 x 0.3 =104 mm 2 
Choose 2 0 10 (157 mm 2 )/step 

Step 2: Design of landing 
Step 2.1: Load calculations 

The thickness of the landing is taken equal to the thickness of the flight =140 mm 

Landing self-weight = t s * y c = 0.14 x 25=3.5 kN/m 2 

w u f= 1.4 w DL + 1.6 w ll = 1.4 (self weight +covering material)+ 1.6 w LL 

w«f=1.4 x (3.5+0.8) + 1.6 x 3 = 10.82 kN/m 2 

Taking a strip of one meter 

w u r 10.82 kN/m' 

The landing is a slab that is supported on two sides. The exact analysis of such slabs 
involves a lengthy calculation procedure. However, since this slab is supported on two 
beams, the amount transferred in each direction can be approximated by dividing the 
load between them. Thus the load transferred to each direction equals 
w uf = 10.82 /2 =5.41 kN/m' , 
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Step 2.2 Design of sections 


W„, x if 5.41X1.725 2 


= 8.05 kN.m 


Assuming 20 mm concrete cover, the effective depth equals 
d = t - cover = 140 — 20 = 120 mm 

n M * -_ 8 - Q 5 x i°!-= 0.0159 

f cu bd 2 35xl000xl20 2 

Using the R-<o curve—*•—»■ <n=0.019 
^ -a) IsLb d = 0.019x-^-xl000xl20 = 196 mm 2 


Choose 5 10/m' (393 mm 2 ) >A S ,„ 


Additional 1010 


stair main rft 
2010/step 


landing main rft. 5 4> 10/m' 


additional 1010 


t=140 mm 


Stair reinforcement details 


secondary rft.5 <|> 8/m' 


Step 3: Design the supporting beam 
Step 3.1: Calculation of loads 

Assume the beam cross section is 250 x 800 mm 

To obtain the weight in the horizontal projection, calculate the vertical thickness t 


cos(0) cos(26.56) 


- = 894.4 mm 
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Self weight = 1.4 x y c x b x t* b 

Self weight=1.4 x 25 x 0.25 x 0.8944 = 7.83 kN/m' (Horizontal projection) 

The height of the wall is variable along the beam, however for simplicity an average 
height will be used throughout the beam. This average height is conservatively 
calculated as follows: 

h w = 3-floor beam-t* b -l.5/2=3.0- 0.6 - 0.89 - 0.75 = 0.755 m 
wall load = 1.4 x y w x b x h w =1.4 x 1.2 x 0.25 x 0.755=3.17 kN/m' 
w ub ,= self weight + w u x flight width + wall load + edge live load 
w M = 7.83 + 14.02x 1.6 + 3.17 + 2.4 = 35.84 kN/m' 



The loads transmitted to the beam at the level of the landing w ub2 equals to 

w„ 62 = self weight + w„, x landing width + wall load 

w = 7.83 + 5.41x1.6+3.17 = 19.6 kN/m' 

Note: The reader should observe that the average wall load previously calculated is 
conservatively used for the whole span. 



The reaction R1 equals 


35 84x3x11.5 +1.6)+ 19.6x1.6x0.8 Q m 

R\ — ~ A ~r 

4.6 


15.84x3x1.5 +19.6x 1.6 x(3 + 0.8) 

R2 — —- “ 7“7 

4.6 

Step 3.2: Design for flexure 

The maximum moment occurs at point of zero shear (x) 



= 77.9 X 2.17-35.84 x^y- = 84.7 kN.m 

Note: Since the beam is inclined with respect to the reaction, R1 will produce shear 
and normal force on the beam. 
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This section has positive bending (84.6 kN.m), but we shall neglect the contribution of 
the stairs and design the beam as rectangular section 

D M u 84.7 xlO 6 

K --— =---— 0 017 

fa,bd 2 35x 250x 750 2 

Using R-co curve —>—> co=0.02 

f is 

A s =coAf-bxd = 0.02—x250x750 = 330 mm 2 
Jy 400 


A , min = smaller of \ f 


°- 125 'Jf7uu J 0-225 


x250x750= 623 mm 7 


1.3 A s =1.3x330 = 430/n/M 2 


use Ag A Sin ,i n —430 mm 2 
use (3 4> 16, 603 mm 2 ) 

Step 3.3: Design the beam for shear and torsion 
Step 3.3.1: Shear stresses 

The critical section for shear and torsion is at d/2 from the face of the support. 
Assuming that the column width is 600 mm, the vertical force at the critical section 
equals 

g =77.9-35.8 x[^ + °^j = 53.7 /W 

This vertical force produces shear and normal force because the beam is inclined. The 
normal force is normally small and neglected (<0.04/„ b t )and the shear force equals 

Q„ = Q x cos(0) = 53.7 x cos(26.6) = 48.1 kN 


Q„ _ 48.1x1000 , 

Vu - 7— j~~TZZ ——— = 0.256/V ! mm 
bxd 250x750 


Step 3.3.2: Shear reinforcement 

The concrete shear strength q cu equals 


= 1-16 NI mm 2 

Since the applied shear stress (0.256) is less than q cu (1.16), thus shear reinforcement is 
not needed. 
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shear force 

Loading for Shear and shear force diagram 


Step 3.3.3: Torsion stresses 

Assume the distance from the concrete cover to the stirrup center line is 40 mm 

x, = 250-2 x 40 = 170 mm 

y, = 800 -2 x 40 = 720 mm 

p k = 2 x(x, + y,) = 2x (170 + 720) = 1780 mm 

A oh =x,.y l =170x120 = 122400 mm 2 
A 0 =0.85 A oi = 0.85x122400 = 104040 mm 2 



xi=170 mm 
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The torsional moment (M lu ) applied to the beam equals the bending moment developed 
in the stairs (=25 kN.m) and equals 8.05 kN.m at the landing level. 


w u = 14.02 


I Pu=2.4 kN 



M, u =25 kN.m 


The torsional moment is distributed along the length of the beam as shown in figure. 
All these moments are horizontal projection and in the vertical plane. 


M lu ,=25 kN.m (H.P. 


M lu r=8.05 kN.m 



R T1 =52.8 


The torsional reaction R T1 equals 

D 25 x3x (1.5+ 1.6)+ 8.05x1.6x0.8 

” — 52.0 Kly 

4.6 

The critical section for torsion is at d/2 from the face of the support, thus the vertical 
torsional moment at the critical section equals to: 

T = 52.8-25x(r^+-pj = 35.9 kN.m 

This vertical torsional moment produces torque and out-of-plane bending moment 
(M y ) because the beam is inclined. The out-of-plane bending is usually small and can 
be neglected and the torque equals to: 

M m =T x cos(0) = 35.9x cos(26.6) = 32.1 kN 


The shear stress due to the torque M m is given by: 
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32 - lxl 9 -= 2.24 NI mm 2 


2xA xt 2x104040x68.76 


M lu ,=25 kN/m' 


Maa= 8.05 kN/m' 


M y =52.8 sin(0)=23.6 / ^. 


R T1 =52.8 he 


0.675 m-H g 


|T=35.9 



Twisting moment diagram 

Loading for torsion and twisting moment diagram 

>tep 3.3.4: Check adequacy of the concrete dimensions 

, =0 70 f^=0.70xj—=3.38<4.0 Nlmm 2 

"** ' V r c y 1.5 

l, m »= 3.38 N/mm 2 


]$u +Qtu “ ^ max 


V0.256 2 + 2.245 2 = 2.26 <3.38. ok 

Thus the concrete dimensions of the section are acceptable for shear and torsion 








Step 3.3.5: Torsional reinforcement 


= o - 06 ^=°- 06 y ||=°- 29 ^ /wm2 

Since q tu >q tuniin , torsional reinforcement is required. According to the ECP-203, the 
torsional concrete strength is neglected, and the torsional stresses must be carried by 
reinforcement 

Assuming spacing of 100 mm, the area of one branch A slr equals 


M... xs 


32.1 xl0 6 x 100 


2 xA o x f ys , / r s 2x104040x240/1.15 


= 73.97' mm 1 


i A *r x P„ f 4, ) 73.97 x 1780f 240^1 , 

A a -— = — —— = 790 mm 


100 Uoo 


Calculate the minimum area for longitudinal reinforcement A s: 


A slr X Ph f yst 

s 14 



There is a condition on this equation that > —-— 

* 6x fy,, 


73.97 ^ 250 

->*- ...o.k 

100 6x240 



Since A s , > A sl , min ...o.k 
Choose 8<j>12 (904 mm 2 ) 
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Step 3.3.6 Reinforcement for combined shear and torsion 

Since it was previously computed that no shear reinforcement is needed (A st =0), the 
area of one branch for combined shear and torsion equals 
A str + A st /2= 73.97 + 0 = 73.97 mm 2 
Choose <j> 10 mm (78.5 mm 2 ) 

A . = Mi,xs = — 250x100 = 41.67 mm 2 ’ , 

s,.m m y 240 

Total area = 2A m + A s , > A sl mi „ . 

= 2 x 73.97 + 0 = 147.94 mm 2 >41.67 mm 2 .o.k. 

Final design use <j> 10 @ 100 mm 



Stair reinforcement details 













Flexural 

reinforcement 



<t> 10/100 mm 


-4 


2012 

2012 

2012 

3016+2012 


=3020 


Shear & torsion Flexure, shear & torsion 

reinforcement reinforcement 


Beam reinforcement details 


5.3 Slab Type 

the short direction. > least along the long sides, solution A 

71 supporting beams are on,, a, .he short side, 
solution B is the only valid structural system. 



A 





Solution B 


Solution A 

Fig. 5.8 Proposed structural systems for a slab-type staircase 

The apphed Uve loads are based on £ £££ 

dead load is based on the sloped length. To transtonn me_ a ^ ^ ^ 

Howewthe e dep e th^LdTdesigiVis perpendicular to the slope (Eq 5.9) as shown 
^''9 Slab thickness I, is brken as (1/25 to 1,30 from the slab span). 


t. = 


span 


25-30 
d - t s -cover 
t 


t = 


cos 0 


•• (5.8) 
-(5.9) 
.(5.10) 


t =t + 


riser(r) .(5.11) 


Stair total self weight =4 


.(5.12) 
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The uniform loads w u is the summation of the (stair +slab) weight (using t ) 
material (0.8—>1 kN/m 2 ), and live loads. The effective span I^is taken as 


covering 


w„= 1.4 w DL + 1.6 w LL . 

w„=1.4 [t avg x y c + covering material(0.8—>1)]+ 1.6 w LL (3->4) 


(5.13) 

(5-14) 


If the slab thickness exceeds 160 mm, a top reinforcement mesh must be supplied to 
control shrinkage and temperature. However, this reinforcement is only required at the 
landing level as the stair reinforcement acts as shrinkage reinforcement as shown in 
Fig. 5.10. 
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Photo 5.4 Slab type staircase 


Photo 5.5 Cantilever staircase 




Designthe ftaircase shown in figure below as slab-t^e. The live load isi4_kN/m 2 : the 
characteristic strength of concrete is f cu =30 N/mm 2 and steel yield stress is ^-280 
N/mm 2 . The weight of the covering material is 0.75 kN/m for the stairs and . 
for landing. Floor height=3.3 m and y w is 12 kN/m 



T 1.70 


Solution 

Stepl: Staircase layout and loads 

Assume the riser height is 150 mm 
3.3x1000 

Number of goings-—- 11 S om S > 


Using three flights with tread width of 300 mm as shown m figure 


B1 at floor level 
B3 at landing level 


! !! I [su 


landing level 
































The slope of the stair equals 





l 





ts=l60 mm 


6=26.56 


Assume the slab thickness t s =^ = ~ = 156.7 « 160 mm 

‘ ^( 2636 ) = 1789 mm 

. • riser 150 

t avg =t + ~—-178.9 + -— = 253.9 mm 

Z z 

Stair self weight =t avg x y c = 0.2539 x 25=6.347 kN/m 2 

Step 2: Design of Slab SI 
Step 2.1: Calculation of loads 

w u = 1.4 w DL + 1.6 w ll =1.4 (self weight +covering material)+ 1.6 w LL 
w„=l.4x (6.347+0.75) + 1.6 x 4 = 16.34 kN/m 2 
Taking one meter then w„= 16.34 kN/m' 

Slab SI is supported at the centerline of slabs S2 and S3 

16.34 kN/m' 


R=24.5 kN 
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The reaction at each end (R) equals 
w t x3 = 1634x3 =245W 
2 2 

Step 2.2: Design for flexure 

The maximum bending moment is at the middle and equals 

M, = R x (0.85 +1.5) - w, x = 24.5 x 2.35 -16.34 x = 39.2 kN.m 

Assuming concrete cover of 30 mm for the secondary direction and 20mm for the 

main direction 

d = 160 - 30 = 130 mm (secondary direction slab S2) 

d = 160 - 20 = 140 mm (main direction slab SI) 


R _ _ 392 xl °--= 0.0773 

f cu bd 2 30xl000xl30 2 


od=0.098 


A -oyLs-b rf = 0 098x — X 1000x130 = 1365 mm 2 
! / 280 

A . 1000x130 = 325 mm 2 <A S 

‘•" ln 100 100 

Choose 6 (j) 18/m' (1527 mm 2 ) 

Step 2.3 Design for shear 

According to the ECP 203, concrete shear strength of slabs equals to: 

q =0 16 =0.16 J— =0.715 NI mm 2 

Hcu V 1.5 V1-5 

Q U =R=24.5 kN 


= J^ = 245xl —= 0,188 Nlmm 2 


bxd 1000x130 


7 „<q C u.. .o.k 



R'=24.5/l.7=14.4 kN/j)f f R=246 kN 


R=24.5 kN(per meter of slab Si) 


B=1.7 m 


200 









Step 3: Design of Slab S2 
Step 3.1: Calculation of loads 

Slab S2 is supported on the beams located on axis 1,2 at the floor level. The reaction 
of the slab SI is applied at the centerline of the slab S2. Since the width of S2 is 1.7 m, 
the reaction R will be distributed along this width. Thus the load per meter (R') equals 

= =— = 14.4 kN/m ' 

B 1.7 


._ ^sumiii) _24.5 x 1.7 

Intersection area between S. and S, 1.7 x 1.7 


= 14.4 kN /m' 


Landing self weight =t x y c = 0.16 x 25=4.0 kN/m 2 

w u = 1.4 w DL + 1.6 w ll = 1.4 (self weight +covering material)!- 1.6 w LL 

The weight of the covering material for the landing is given as 1.8 kN/m 2 

w„=1.4x (4.0+1.80) + 1.6 x 4 = 14.52 kN/m 2 

Taking one meter width of the slab (b=1000 mm), then 

w su = w u x 1 = 14.52 x 1.0 =14.52 kN/m' 

R'=I4.4 kN/m' R'=14.4 kN/m' 


w su = 14.52 kN/m' 


R2=53.55 kN 



R2=53.55 kN 


1.70 m P- 60 ™ 1.70 



Step 3.2 Design for flexure 


w x 4 14 S? y 4 

R2 =—*-*-— + R x 1.7 = — — 4 +14.4 X 1.7 = 53.54 kN 
^ / 

The maximum moment is at mid span 

M =R2x2-—-7?'x 1 .7x(—+ 0.3) 

2 2 

M u = 53.55 x 2 - l4 - 52 x 2 —14.4 x 1.7 x (— + 0.3) = 49.9 kN.m 
2 2 

d = 160 - 20 = 140 mm —►(main direction) 
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= 0.085 


M u _ 49.9 xlO 6 

R= f b d 2 ~ 30x 1000xl40 2 

Jcu 

Using the R-rn curve -»-»ffl=0.11 
A =0} La-b ^ = 0 . 11 x—xl000xl40 = 1650 mm 2 

fy 

= 0 : 25 , 1000x140 = 350 mm 2 <A S 

smi " 100 100 

Choose 6 <j> 20/m' (1885 mm ) 


Step 3.3: Design for shear 

According to the ECP 203 clause 4-2-2-1-6-d , concrete shear strength equals 

Q u =R=53.55 kN 


_ = ^_ = 5T55xl000 = 0 38 N/mm 2 <q C u •••o.k 

q “ bxd 1000x140 


Step 4: Design of slab S3 

Slab S3 is supported on the beams, the reaction of the slab SI is applied at the nuddle 

of the slab , 2 

Landing self weight = t s x y Q = 0.16 x 25-4.0 kN/m 

W =IA x (4.0+1.80) + 1.6x4= 14.52 kN/m 2 

The weight of the stairs equals = 16.34 kN/m' (same as slab SI) 


R>14.4kN/m' R-14.4 kN/m' 



Comparing ft. loads acting on slab S2 with slab S3 -cals >ha. toy arc almost the 
S W./ thus the same reinforcement used in slab S2 is used m slab S3 
Choose 6 20/m'(1885 mm *«>• -.i*. 
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_3<j>20/m' 


3<j>20/rn' 


Reinforcement details for slab S2 


Step 5: Design of supporting beam B1 on axis 1 

The supporting beam B1 exists at the floor level and beam B3 exists at the landing 
tevel as shown in the figure below. Beam B1 supports the slab S2 while B3 supports 

the slab S3. 

Step 5.1: Calculation of loads 

The beam at the landing level B1 carries its own weight, stair load and wall load. 
Assume beam size is 250x700 mm 

Self weight of the beam = 1.4 x y c x b x t=1.4 * 25 x 0.25 x 0.7 6.125 kn/m 
slab load equals to the reaction of the slab S2 (w JB ) = 53.55 kN/m 
Wall load = 1.4 x Yw x b x hw = 1.4 x 12 x 0.25 x (3.3/2-0.7) = 4 kN/m' 
w ub =6. 125+ 4.0 = 10.125 kN/m' 


column 


column 


Floor level 


... < 



B3 

*s, 

V 

s S 

___^ »— 


(in) y 

^ B1 

|-^=7-- 


Landing level 


Landing level 


Floor level 1 L J -—-—- 

[ 1,70 m | 3.0 m L70 m 

Elevation of beams on axis 1 

Step 5.2: Reactions and bending moments 

10.125x^-4 53.55x^- 
n_ 2 -2_ _ 44 45 kN 

6,4 

R, = 10.125 x 6.4 4 53.55 x 1.7 - 44.45 = 111.3 kN 











w,„=53.55 kN/m' 

c m mu 


, HV*=10.125 kN/m' 



Point of zero shear from the right support =x = —-- 45 = 4.395 m 

' 10.125 

. X 2 4 30S 2 

*=Rr xx m -w ub x-f- = 44.45x4.395-10.125x——— = 97.6 kN.m 
2 2 

d = 700- 50 = 650 mm 

Since some part of the beam is not connected to slab, it shall be designed 
rectangular section ’ 


R = 


M.. 


97.6 xlO 6 


0.031 


f m bd 2 30x 250x 650 2 

From the R-co curve —*—» o>=0.037 
f 30 

A s =0)Af-bd = 0.037x-x250x650 = 644 mm 2 

4 280 

< mi » = - 225 ^ bxd = ~ 225 J™ 250 x 650 = 715 mm 2 <A s -> use A srai „ 

J y 

Choose 4 <(> 16 (804 mm 2 ) 

Step 5.3 Design for shear 

= °' 24 IS = 0 24 JE = 106 Nlmm2 


as 


Qu,max = Rr = 1 11.3 kN 


The critical section for shear is at d/2 from the face of the support. The column width 
(c) equals 0.25 m, thus 

^£ + f) = 111.3—(53.56 + 10.125)x(5f + «f) = 82.62^ 


Ru 


_ Q u 

bxd 


82.62x1000 

250x650 


= 0.508 Nlmm 1 < q cu ...o.k 


provide minimum shear reinforcement 

a = M x fe xs = —x250x200 = 71.43mm 2 for two branches 

f 280 

J y 

Choose 5 (j) 8 /m' 
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Beam elevation 




Sec 1-1 


Beam reinforcement details 






Example 5.3 

Design the staircase shown in figure knowing that 
f cu =25 N/mm , f =360 N/mm 2 and 7 ^,=280 N/mm 2 

The weight of the covering material is 1.0 kN/m 2 . The live loads on the stair may be 
taken as 4 kN/m" 


supporting beam (Bl) 


ilr 


E 

o 


column 0.3x0.3 


supporting beam 


~ >hT 




6.15 m 


II 

-W— 


3.0 m 


4.5 m 


H 


Floor beam 



section B 



Solution 

Step 1: Design of the flight 
Step 1.1: Load calculations 

Assume the riser height is 150 mm and the tread width is 300 mm, the slope of the 
stair equals 

'1 = 26.56“ 


0 = tan" 


\tread ) 



Assume slab thickness t s equals to 150 mm 
t, 150 


cos(0) cos(26.56) 


- = 167.7 mm 


t = ,’ + ^ = i67.7 + ^ = 242.7 mm 

«vp 2 2 


Stair self weight =t avg x y c - 0.2427 x 25 6.068 kN/m 
w = i .4 Wdl + 1.6 w LL =l .4 (self weight +covering material)+ 1.6 w LL 

Wi = 1 . 4 x (6.068+1) + 1.6 x 4 = 16.29 kN/m 
Taking one meter then w„= 16.29 kN/m' 

Step 1.2: Flexure design 

Assuming that the supporting beam width is 300 mm, then the effective span for the 
stairs is given by ^ 


[ 


1350 mm 


1500 mm 


] 


T 


variable 


-300 mm 
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L cff = min 


L clatr ^ ^avg 

edge to CL 


= min 


(1.35 + 0.24 = 1.59 m 
1.5 m 


L en = 1-5 m 

Assuming an edge live load of 1.5 kN/m'. P u =1.6 x 1.5 = 2.4 kN/m' 

The slab is assumed fixed in the beam and the bending moment in the slab equals 

P u =2.4kN 



The structural system for the sla is cantilever slab form 


=—-SL 


+ P u xL cff = - 16 ? 9 ^ 1 5 ° 2 + 2.4 x 1.50 = 21.9 kN.m 


Thus, assuming 30 mm concrete cover, the effective depth is vertical distance in the 
slab thickness which is connected to the beam as shown in figure below 

d mg = 1 avg -cover = 242.7-30 = 212.7 mm 
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A =co I«L b d =0.0228x-^-x 1000x212.7 = 337 mm 2 
s f 360 

J y 

a =—hd = —x 1000x212.7 = 355 mm 1 >As-»-» use A s , m ii. 

s ' m, “ f 360 
J y 

• A s / step = 0.3 xA s =0.3x355 = 101 mm 2 
Choose 2 10/step (157 mm 2 ) 

Step 2: Design of the landing 

The thickness of the landing is the same as the stairs =150 mm 
Landing selfweight = txy c = 0.15 x25=3.75 kN/m 
w„,= 1.4 w DL + 1-6 w LL =1.4 (self weight +covering material)+ 1.6 w LL 
w„pl.4x (3.75+1.0) + 1.6 x4 = 13.05 kN/m 2 

Taking a strip of one meter 
w„f= 13-05 kN/m' 

Assuming an edge live load of 1.5 kN/m'. P u =l-6 x 1.5 - 2.4 kN/m 


P„=2.4 kN 


w„=13.05 kN/m' 


Lu— 1.50 m 



„=18.3 kN.m 


13.05x1.5 _ + 2 Avi s = 1S 3feA/.m 
2 2 

•Assuming 30 mm concrete cover, the effective depth equals 
d = t - cover = 150 - 30 = 120 mm 

M u _ 18.3 x 10* - = 0051 

f bd 2 25xl000xl20 2 

Jcu 


From the R-co curve 
co=0.062 

A = m Li-b </=0.062x — xl000xl20 = 518mm 2 >+ 5 , 


Choose 5 O 12/m' (565 mm ) 
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1® 10 (straight) 




Section A-A 
2® 10/step 


5®8/m' 


Stair main reinforcement 
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Step 3: Design the supporting beam (Bl) 

Step 3.1: Design for flexure 

Step 3.1.1: Calculation of loads 

Assume the beam cross section is 300x800 mm 
The horizontal projection weight can be obtained from 

t* t-t s 800-150 
t ' - —5-=-1- =-= 726.7 mm 

cos(0) cos(0) cos(26.6) 

Self weight = 1.4 x y c x b x t' 

Self weight=1.4 x 25 x 0.30 x 0.7267 = 7.63 kN/m (H.P.) 



The beam load (w M ) equals (in the stairs part) 

W ubl = OW. + w u x flight width + 2 x hand rail live load 
w M =7.63 + 16.29x3 + 2x2.4 = 61.3 kN/m' 


P„=2.4 kN 


P u =2.4 kN 


w u = 16.29 kN/m' 


4 i H—0.30 m 
■ 3.0 m- 


P u =2.4 kN 


w u =l3.05 kN/m' 

llllllll 

ilium 



1.350 m | 


1 i_ 

J 

h—0.30 m 

i 1 


Stairs loads 


Landing loads 
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The beam load (w uW ) equals (in the landing part) 

w ub2 = ow. + w u x flight width + hand rail live load 

o.w= 1.4 xy c x b x (t-t s )=1.4 x 25 x 0.30 x (0.8-0.15) = 6.825 kN/m' 

w*, =6.825 + 13.05x3 + 2.4 = 48.375 kN/m 1 


w * 2 = 48.375 kN/m' 


w ub i=61.3 kN/m' 



Rl=177.3 


R2=252.9 kN 


Bending 

moment 



Step 3.1.2: Calculation of bending moments 

p - w «M*4.65x(4.65/2 + 1.5)+w,ft 2 x3xzerp _ 61.3x4.65x(4.65/2 + l,5) _ ^ ^ ^ 
1 ~ 6.15 " 6.15 


R 2 = w u 62 x 3+ w oW x4.65 — 2?1 = 48.375 x 3 + 61.3x4.65 -177.3 = 252JLJA t 


Point of zero shear x, =— = -^^- =* 2.S9 m 


— x 2 2 89 2 

M m = /?, x x, - w„, x ±L = 177.3 x 2.89 - 61.3 x ±^- = 256 &V.m 
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Step 3.1.3: Design of the critical sections 

Section 1 . 

This section has positive bending ( 256 kN.m), but we shall neglect the contribution of 
the stairs and design the beam as rectangular section 
Using R-w curve 
d = t - 50 mm= 800- 50= 750 mm 

_ _ 256xl0 6 -_ o 061 

f cu bd 2 25x300x750 2 

From the curve it can be determined that ©=0.075 

a = ^ ^ x = 0.075 — x 300 x 750 = 1179 mm 2 >A s , mi „ 

* 360 

0.225 b d _ 0-225 ^/^^POx 750 = 7Q3 mm 1 J<4 S oJc 

A snm = smaller of f, 360 

1.34 =1.3x1179 = 1532 mm 


use (5 <X> 18, 1272 mm ) 


Section 2 

48.375x1.5 2 


AT, =■ 


= 54.4 kN.m 


Using R-w curve 

R = = 54.4 x 10 6 _ o 012 9 


f m bd 2 25x300x750 
From the curve it can be determined that ©=0.015 


4 -a l™-bxd = 0.015-x300x750 = 235mm 2 <A s , m in 

1 fy 360 


A ■ = smaller of 


0.225V 2 I x 300x750= 703 mm 2 


360 

1.3x235 =305 mm 2 


J >A, o.k 


Use A s =A 5 , min =305 mm 
Choose (2 <t> 20) 
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Step 3.2: Design the beam for Shear 

It should be mentioned that the case of loading that causes the maximum bending 
moments in the beams results in no torsional moment. However, it produce the 
maximum shear 

Step 3.2.1: Check the adequacy of the concrete dimensions 

The critical section for shear and torsion is at d/2 from the support. 

a*(§+(] 


= 227.5 kN 


Q u =252.9-48.375 x 


03 0,75 
2 + 2 


Q u 227.5x1000 

= =\.Q\ N/mm 2 

bxd 300x750 


= 0.70 pL = 0.70Lp^ = 2.8 N/mm 2 
V K 1 1.5 

SillCC *?u,max ’ the concrete dimensions are adequate. 

Step 3.2.2: Design of the transverse reinforcement 


q a = 0.24^j 0.98 N/mm 1 

Since the applied shear is greater than q cu shear reinforcement is needed 

~~ = 1.01--^ = 0.52 N/mm 2 
£ L 


Assume spacing of 100 mm 
4 - q*« xbxs 0-52x300x100 ... , 

use 10 (j> 10 /m 


Step 3.3: Check the case of loading that produces shear and torsion 
Step 3.3.1: Calculate shear and torsion stresses 

The unsymmetrical loading of the flight produces combined shear and torsion as 
shown in figure below. For simplicity, the loading of the landing is taken the same as 
the flight (conservative). 
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A. Torsion Stresses 

i s 2 1.5 2 

M =l.6LLx.-——+P u xl.5 + (1.4 DL-0.9 DL)x — 

' 2 1 

LL = 4 kN/m 2 and DL=(6.068+1)=7.068 kN/m 2 

M =16x 4 x 1^1 + 2 .4x1.5 + (1.4 x7.07-0.9x7.07)x^ = 14.78 t.mlrri 

i 2 z - 

1.6 LL 



Load case that produce maximum torsion on beam 








14.78 x^- 

M = _ 2 ____ 2 

*' 6.15 6.15 


70.3 kN.m 


The critical section is at d/2 from the face of the column (300x300 mm) 


M , u =M, u] -M , + 4] = 70.3-14.78x 

v.2 2 ) 


0.30 0.75 

■— - 1 - 

2 2 


; 62.5 kN .m 


Assume the distance from the concrete cover to the stirrup center line is 35 mm 
x, = 300 -2 x 35= 230 mm 
yi = 800 -2 x 35 = 730 mm 
Pk = 2 x (*, + y, ) = 2 x (230 + 730) = 1920 mm 


A ch =x l .y l =230 x 730 = 167900 mm 2 

A 0 = 0.854* =0.85x167900 = 142715 mm 2 

t -A eh _ 167900 

l e - ~ rr~T = 87.4 mm 

p h 1920 

- — M » - 62.5x10 s , 

^ 2x^xt e -rxU2715x87.4 =2 - 5 yV/mm 



y,=730 


x/=230 


B. Shear Stresses 

The critical section for shear is at d/2 

w «2 = OM uMmaK + l-4x DLx(B /2) + 1.6x LL x(B/2) + P u +0.9x DLx(B/2) 

w ui =7.63 + 1.4x7.07x1.5 + 1.6x4x1.5 + 2.4 + 0.9x7.07x1.5 = 44.01 kN/m' 


R - h 'u2 x (6-15 + 1.5) 2 /2 44.01x(6.15 + 1,5) 2 /2 

6.15 6.15 - 209.4 A:/V 


n d fed 

Qu =rt-w„ 2 x - + — 


& =209.4-44.01xf^+°^) = 1 86. 3 M 

V 2 2 


g„ 186.3x1000 
" Axd 300x750 


0.828 N/mm 2 


w u2 =44.01 kN/m' 



R=209.4 kN 
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Step 3.3.2: Check the adequacy of the concrete dimensions 


_ =070 \Ll. =0 .70xj— = 2.86<4.0 Nlmm 2 

V y c V 1.5 

q.max=2.86 N/mm 2 


hl+ql 


n/o. 828 2 +2.5 ? = 2.63 < 2.86.nl 

Thus, section dimension is acceptable for shear and torsion 

Note- Since the section is very close to the maximum values, it is advisable to increase 
the beam cross-section. However, from the architectural point of view, smaller depth 

preferable. 

Step 3.3.3: Reinforcement for shear 

The concrete shear strength q cu equals 

a = 0.24,1— = 0.98 NI mm 1 
V 1.5 

Since the applied shear is less than q cu shear reinforcement is not needed 

Step 3.3.4: Reinforcement for torsion 

= 0 06 0 . 06 . —=0.24 Nlmm 1 

-W y Vl-5 

Since q tu (2.5)>q tumin (0.24) then reinforcement is required and^torsional concrete 
strength is neglected. Assuming spacing of 100mm, the area of one branch A*, equa 

, M, 0 xs 62.5x10 s x 100 _ _ onmm 2 

A " r 2xA a x fp, / y s 2x142714x280/1.15 

A slr x Ph ( U) _ 90x1920 ( 280^1 = 1343 mm > 

~ s (/, j 100 V360j 

Calculate the minimum area for longitudinal reinforcement A s i, m i n 


A = 

**■$1, min 


0.40 p^A cp ,, 

V Yc A dr*Pk\ IjiL 
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There is a condition on this equation that — s ' r > ^ 

5 6x fys, 

90 ^ 300 

—• 2 --... o.k 

100 6x280 


yl 5 ^ -jw ow 

90x1920 

"280 

360/1.15 

100 

,360 


s, ' mi " 360/1.15 

SinceA s ,>A s ,, min ...o.k 

Choose 8<j)16 (1600 mm 2 ) 



Step 3.3.5: Reinforcement for combined shear and torsion 

The area for two branches=2/t J(r + A s/ > A Jlmin , or the area of one branch for combined 
shear and torsion equals 

A s(r +A st /2=90+0=90 mm 2 

Choose (j> 12 mm (113 mm 2 ) (one branch) 

. 0.4 , 0.4 

mm ~ j bxs -—— 300x 100 = 42.85 mm 2 (two branches) 


Ast,mm (one branch) — 42.85/2—21.4 mm 2 <113 mm 2 o.k 
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Step 4: Design of column (Refer to Chapter 8) 

The column is subjected to compressive force in addition to bending resulted from the 
torsion load case of the beam. 


Madd 6.02 


P u =209.4 kN 



M w ,=70.3 kN 


Additional moment Original column 

The column is considered as case 1 (t beam >t coluron ) at the top and case 3 (foundation) at 
the bottom in the in-plane and out of plane directions 
H column =2.1= m, From Table 6-10 in the code for unbraced columns k= 1.6 

H=kxH colum „=1.6 x 2.1 = 3.36 m 

, _ = 3.36x1000 _ j j 2 >i0—» additional moment is developed 

b 300 

= /Tx6_ = 11 -2 2 x 0.30 _Q Q188 
2000 2000 


M M = P u x 5 = 209.4 x 0.0188 = 3.94 kN .m 

= =70.3+3.94 = 74.24 kN .m 


Mot(out of plan)" 


= M u + M adi = 0 + 3.94 = 3.94 kN.m 


n P. - 209.4x1000. = n(m 

b f xbxt 25x300x300 

J cu 

The column is subjected to biaxial bending, from code Table 6.12.a with R h - 0.1->(T 0.8 


M; =M x +P\^AM y =74.24 + 0.8x1 — 1x3.94 = 77.39 kN.m 


M' t _ 7 7.39 xlO 6 

f cu xbxt 2 ~ 25x3Q0xl00 2 


= 0.115 


Using interaction diagram with uniform steel,^=360 N/mm 2 and C °- 8_> ~^P 8 0 


p = p xf cu x 10" 4 = 8.0x 25 x 10"* = 0.02 >p,„i r 
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SHORT COLUMNS SUBJECTED TO 
CONCENTRIC COMPRESSION 



Photo 6.1 Reinforced concrete columns in a shopping center 

6.1 Introduction 

Columns are the most important structural element in buildings. A great number of 
structural failures are attributed to column failure. A plain concrete column can carry 
compression forces, however its ultimate Capacity is greatly enhanced by adding 
vertical bars. For normal ratios of reinforcement, the increase m strength due, to 
addition of vertical reinforcement can range from 15-40 percent of the total carrying 
axial capacity. Lateral reinforcement or ties are added to provide support to 
longitudinal bars and decrease the tendency of the bars to buckle out. They 
prevent the concrete from expanding laterally due to Poisson’s effect and according y 
increase the concrete ultimate strain. Reinforced concrete columns are classified as 
tied or spiral depending on the lateral confinement type. 
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( 6 . 1 ) 


In actual practice there are no perfect axially loaded columns. Some percentage of 
eccentricity will occur due to the reduction of the size of the column from one floor to 
another or the misalignment of the column. Hence, a minimum longitudinal 
reinforcement ratio has to be provided to account for any stresses resulting from the 
eccentricity. 

Reinforced concrete columns are usually classified as short or long depending on the 
length to width ratio and end restraint conditions (refer to Chapter 7). The discussion 
in this chapter is limited to short columns either subjected to axial loads. 

6.2 Axially Loaded Tied Columns 
6.2.1 Behavior and Strength 

The failure of the tied column is usually initiated by the spalling (falling ) of the 
concrete cover followed by the buckling of the longitudinal bars due to the lack of the 
lateral support provided by the cover. The failure of axially loaded reinforced concrete 
columns is brittle with little or no warning. Up to approximately 80% of the total load, 
no sign of cracking appears. Suddenly vertical cracks start to appear with concrete 
cover failure leading to the collapse of the column. 

Since failure of columns is often sudden with a high potential for loss of life, columns 
are designed with a much higher safety factor than beams. Because perfect straight 
columns subjected to pure axial loading are subjected to the brittle failure mode, the 
Egyptian code increases the strength reduction factors for concrete and steel tol.75 
and 1.34, respectively. 


0.67 x/ c „ /y c 



Fig. 6.1 Strain and stress distributions for columns under axial loads 

When a column is subjected to axial loads, longitudinal strain develops in both 
concrete and steel. Because of the perfect bond between steel and concrete, the strains 
in the concrete and steel are equal. The total carrying capacity of the column is the 
summation of concrete and steel contributions. At failure, all the steel reinforcement is 
assumed to reach yielding. Applying the equilibrium equation for the section shown in 
Fig. 6.1 gives 


p = 0 ■flf ML b± + ^L 


0-67/ cu b t_ = q.383 f„ A. +0.75 A sc /„ . ( 6 - 2 ) 

K ~ 1.75 1-34 

mere, A c is the area of the concrete and ^ is the total area of the steel reinforcement. 
The previous behavior is applied for perfect straight “ 1 ™’a 

almost do not exist. Even for concentncahy loaded colunms.mo^ ^ 

minimum eccentricity to be considered in column gn ECP-203 

inaccuracies and uncertainties in the line of action of axial loads, 
minimum eccentricity is given by Eq. 6.3 as follows 


--bigger of 


0.05 1 
20 mm 


■ (6.3) 


10% giving the following equation 



Photo 6.2 Olympic stadium in Berlin 
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6.2.2 Code Provisions for Tied Columns 


For short tied columns, the minimum vertical reinforcement is 0.8% of the 
required cross sectional area but not less than 0.6% of the chosen concrete 
area. 

* The maximum reinforcement ratio in columns is 

• 4% for interior columns 

• 5% for exterior columns 

• 6% for comer columns 

■ The minimum vertical bar diameter is 12mm 

The minimum column dimension is 200 mm for both circular and 
rectangular columns. However, in practice, column dimensions are usually 
not less than 250 mm. 

Intermediate bars should be added if the column width is greater than 300 
mm as shown in Fig. 6.2. 

• The maximum distance between two bars supported by ties is 250 mm. 
The maximum distance between unsupported bars and supported bars 
is 150 mm as shown in Fig. 6.2. 

• The maximum vertical distance for ties is 15*the smallest longitudinal 
bar diameter but not more than 200mm as shown in Fig. 6.3. 

The minimum stirrup diameter is one quarter of the longitudinal bars but not 
less than 8 mm 

• The minimum stirrups volume is 0.25% of the concrete volume for one 
meter of the column. 

0 25 

V S = nxA sp xprimeter>-j^xbxtx 1000 .(6.5a) 

v s -nxA sp xprimeter >2.5xb xt ( mm 3 ).(6.5b) 

where A sp is the area of the stirrups and n is number of stirrups per meter. 
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< 300 mm 


300 mm 


< 250 mm 


< 250 mm 



Fig. 6.2 Column Reinforcement Details 
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< 250 mm 
























m 


s = min of 


stirrups max of 


Vertical bars (d bar ) 


Fig. 6.3 Stirrups spacing requirements 


Photo 6.3 Bridge column failure due to lack of lateral reinforcement 


6.2.3 Splicing of Vertical Reinforcement 

a<r F j,e sr^-ss 

JnTsSss ma, occur and tension lap splice should be pro^M. For—^^ 
load columns, the ECP requires compression lap splice of 40 <b for g gr 
and 35 <j> for mild steel. 

Column cross sections might change from one floor to another due to change in the 
SalTppTcd S Thus the longitudinal bars ma, be dtsconhnned or Isdemlf, 
displaced. The maximum allowable slope fo, lb. bars is U(^as^ 

dnnp exceeds this limit the detail shown m Fig. 6.4.B-V snouia oe iui 
SuilTs^ » high lateral forces such as those used in s.tsmtc r.gtons, the 
splice is made at the mid-height of the column as shown in Fig. 6.4.D. 



A: Slope less UianliS B: Slope mors than 1:6 



Cpp A-A Sec. A-A 

Sec. A-A bee. A A 


Spliced bars ffi 
Column reinforcement • 

Fig. 6.4 Column lap splice requirements in structures with limited ductility 
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500 mm 

L 0 ~ bigger of • Clear height / 6 

Column bigger dimension (t) 

b column ! ^ 

80 

longintudnal 
^ ^striuups 

150mm 

Fig. 6.4 Reinforcement of columns in ductile structures subjected to 
large lateral force 


s a = smaller of 
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Design steps for short columns (dimensions are not known) 

1) Assume A sc = 0.01 A 
Calculate P u =1.4 P DL +1 -6 P LL 
Solve the column equation to find A c 
p u = 4 .(0.35 f cu +0.0067 /, ) 

2) Calculate reinforcement area A sc 
A sc = 0.01 Acquired > 0.006 A SCiC hosen 

3) Design the stirrups diameter d s and spacing s 

Check that 4>Jmm > d har IA (biggest bar diameter) 

Check that s < 200 mm <15 d bar (smallest bar diameter) 

4) Check that stirrups volume > 0.25% 

nx A sp x primeter > 2.5 xbxt (mm ) 


Note: In some cases, and due to architectural requirements the cross-section o 
the column could be limited to certain dimensions. Accordingly, the designer 
has to provide the amount of longitudinal reinforcement that satisfies he 
strengthrequirement. If such amount might case a difficulty m casting the 
column, the designer could specify a higher concrete strength. 


Design steps for short columns (dimensions are known) 

1) Solve the column equation to find A sc 

P u = 0.35 f cu A c +0.67 f y A sc 

2) Check that 

A sc > A sc m i„ and A sc < A SCi , nnx 

3) Design the stirrups diameter d s and spacing s 

Check that d s > 8 mm > d b JA (biggest bar diameter) 

Check that s < 200 mm <15 d bar (smallest bar diameter) 

4) Check that stirrups volume > 0.25% 

n x A sp x primeter > 2.5 x b x t (mm ) 
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Example 6.1 

Design a tied column that is subjected to the following axial compression loads 

P DL = 1057 kN 
P LL = 400 kN 

The material properties are as follows: 

f cu = 35 N/mm 2 
f y =400 N/mm 2 


Solution 

Step 1: Calculate column dimension 

Calculate the ultimate load 

P„ = 1.4 P DL +1.6 P LL = 1.4x1057 + 1.6x400 = 2119.8 A7V 

Assume A sc = 0.01 A c 

P u - 4. (0.35 f cu +0.0067 f y ) 

2119.8 x 1000 = A c (0.35 x 35 + 0.0067 x 400) 

Ac = 141982 mm 2 

Assume column width b of 250 mm, then column thickness t equals 

, A c 141982 ... 

b 250 

t= 600 mm 

Step 2: Calculate reinforcement area 

A sc =0.01 A c ,required >0.006 A c ,chosen 

A sc =0.01x141982 = (1419 mm 2 ) >0.006(250 x 600) o.k. 

Choose 8 <E> 16 (1608 mm 2 ) 
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Step 3: Calculate stirrups 

Chose stirrup diameter of 8 mm (>16/4) and spacing of 200 mm <(16 x 15) 

Choose 5 <j> 8 /m' 

Assume concrete cover of 25 mm from each side, the dimensions of the stirrups equa : 
Stirrup A (200 x 550) Stirrup B (200 x 250) 

The perimeter of the center line of the stirrups 
p = 2 x (200 + 550) + 2 x (200 + 250) = 2400 mm 
The volume of the stirrups in 1 meter equals 

Noting that we have 5 stirrups per meter and A sp for <j> 8mm =50 mm 
v = 2 5x250x600 = 375xlO 3 mm 3 

V = rt xA sp xp =5x50x2400 = 600xl0 3 mm 3 >V smi „ . o.k 


To bar CL 


600 mm 


200 150 


25 mm to CL of bar 


25 mm cover 
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Example 6.2 

Calculate the maximum and the minimum loads that an interior column can carry 
according the following data: 

Column cross section (250 mm x 800 mm) 
fa, = 30 N/mm 2 

f y =360 N/mm 2 

Solution 

^iZ^n^ dimenSi °^ mat6rial Pr ° PertieS ^ giV6n ’ the onl >' vari able is the 
The maximum area steel for interior column is 4% thus A sc equals 

4 

^sc .max 250x800 = 8000 mm 2 —>(18<f>25) 

p u = 0.35 f m A c +0.67 f y A sc 

P u,mm ~ 1000 {®'22 x 30 x 250 x 800 + 0.67 x 360 x 8000} = 4029.6 kN 

The minimum area of steel for a column is 0.8% of the required area 
, 0.8 

^jc.min - 250x800 = 1600 mm 2 —» (8 <6 16) 

p u =0-35 4+0.67 4 A sc 

= 1000 ^ x 20 x 250 x 800 + 0.67 x 360 x 1600} = 2485.92 kN 




Photo 6.4 Spiral reinforced concrete column 

The main advantage of using the spiral reinforcement is the enhancement of the 
concrete confinement developed by the closer spacing of spiral reinforcement as 

shown in Fig. 6.5. 


6.3 Axially Loaded Spiral Columns 
6.3.1 Behavior and Strength 

Tied columns are commonly used in buildings and structures in non-seismic regions 
Occasionally when ductility or higher strength is required, a continuous circular steel 
reinforcement in the form of a spiral is used instead of individual stirrups. This type of 
column is called a spiral column. 



Fig. 6.5 Behavior of tied and spiral columns 
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Deformation 






















The closely spaced stirrups of the spiral and the vertical bars confine the concrete very 
effectively. As a result, the concrete cover will spall off but the core will continue to 
carry loads larger than the initial load that caused spalling (falling). This is due to the 
enhancement of the compressive strength produced by the spiral. The spalling of the 
cover gives a warning of failure, and shortly after that the column will reach another 
maximum load but under very large deformations. 

Recognizing the difference between the failure modes of tied and spiral columns, the 
ECP 203 specifies (refer to Eq. 6.6) an additional increase of approximately 14% in 
the ultimate load capacity than regular tied columns Eq. 6.4. 



Fig. 6.6 Spiral reinforcement details 

The ECP 203 states that the ultimate load a spirally loaded column is the smaller of 
two values. The first value given by Eq. 6.6 is based on the axial capacity of the 
concrete gross area A c . The second value given by Eq. 6.7 considers the confining 


effect of the spiral on the core strength 

A ~ O-4/o, A c + 0.76 f y A sc . (6.6) 

P u =0.35:/„ A k +0.67/, A sc +1.38x/ >p V sp ..(6.7) 


where 

Ak is the area of concrete core enclosed by spiral stirrups 

V sp is the spiral reinforcement ratio 

p is the pitch of the spiral stirrups 

f yp is the steel yield strength of the stirrups 

A sc is the area of the vertical steel 

A c = / D 2 At At = CD - cover) 
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( 6 . 8 ) 



The designer assumes a cross sectional area for the rebar used as spiral l (8mm or 
bigger diameter) and computes the required pitch. The pitch used must be within 
limitations of the ECP 203 of 30 mm to 80mm. If the required pitch is less than 30 
“Tgger diameter should be assumed. Ou the other hand, if the calculated pt.eh ts 
greater than 80mm, a decrease of the spiral diameter or the use of the same diame er 

but with spacing of 80 mm should be considered. . 

The minimum area of the longitudinal steel for spiral columns is more thant that for 
tied column, and is related to both the gross and core cross sectional areas of concrete, 

and is given by 


A . = the maximum of 

s,min 


0.01 A c 
0.012 A k 


(gross area) 
(core area) 


( 6 . 12 ) 


6.3.2 Minimum Spiral Reinforcement 

The ability of the confined concrete to carry additional loads is attributed to the lateral 
pressure developed on the concrete core by the heavy coils of the spiral. Expenmenta 
tests proved thaf concrete axial compressive strength increases to the> order-of 4 l A times 
the applied lateral pressure. The spiral column is designed so that the increased 
capacity of the core due to spiral lateral pressure/ equals the loss that may occur if th 
coS cover spalls off as shown in Fig. 6.7. Thus, the capacity of the column 
without applying the strength reduction factor equals, 


4.1 f 2 x.A k = 0.67x/ m (A c -A k ) 


(6-13) 
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Noting that A k = n D k M 


A * Xf ~ (* D k ) = 0.33X/^ (A c -A k ) .(6.17) 

px 


, , „ * Ap D k 

but v sp ma =--£■— 


Rounding some numbers, Eq. 6.17 can be put in the following form 


V . =0.36 x—(A-A k ) 
J ysp 


f VIA 

u . = 0.36 x x .-4--1 

*sp,min /. J 

\7 Mp 


The previous equation is the ECP 203 equation for minimum stirrups. 

6.3.3 Code Provisions for Spiral Columns 

• The minimum area of steel is 1 % of the gross sectional area but not less than 
1.2 from the core area. 

• The minimum spiral bar diameter is 8 mm • ___ 

• The maximum pitch for a spiral column is 80 mm and the minimum is 30 mm. 


p=30-80 mm 



Minimum spiral 
diameter is 8 mm 


(200 mm) min 


Fig. 6.9 Spiral column code requirements 
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Design Steps 

/. Assume A sc = 0.01 A c 

2. Solve the first equation to find A c 
Calculate P u =1.4 P DL +1.6 P LL 

/>= 4(0.4/.+0.00764) 

3. Solve the second equation to get V sp 

P u = 0.35/ m A k +0.67f y A, c +1.38 xf yp V sp 

if 1'xp Ve USe Psp.min 

4. check V,„ min 


5. calculate the pitch (p) using 

_ n A sp D k 


if p > 80 mm use p - 80 mm 

if p< 30 mm increase spiral area (A sp ) and recalculate p 



Note: In some cases, and due to architectural requirements, the cross-section of 
the column could be limited to certain dimensions. Accordingly, the designer 
has to provide the amount of longitudinal reinforcement that satisfies the 
strength requirement. If such amount might case a difficulty in casting the 
column, the designer could specify a higher concrete strength. 
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Example 6.3 

Design a spiral column to support an unfactored dead load of 1500^ a " d JJ 
unfactored live load of 700 kN. The material properties are/ c „~25 N/mm , J y 
N/mm 2 ,74=240 N/mm 2 

Solution 

Step 1: Determine cross section and A sc 

p =i .4 p DL +1.6 P LL = 1.4xl500+1.6 x 700 = 3220&V 

The most economical percentage of steel p is 1% tol.5%. Assume that p= 1%, 
substitute in equation to find the area of the cross section as first trial. 

P u = 0.4 /„ 4+0.76/,, 4, 

3220 x 1000 = 0.4 x 25 x A e + 0.76 x 240 x (0.01 A c ) 

A c = 272327 mm 1 

A = — D 1 
4 

D = 588.84 mm 

The nearest round number is 600 mm. Assume that the concrete cover is 25 mm then 
the core diameter D k equals 

D =600-50 =550 mm . , 

K • * ■ .-ra w 

The area of the concrete, A c - ^-D 1 = ~ 600 ' = 282743 mm 


The area of the core,4 ~~J D * = T 55 ° 2 _ 237583 mm 


A = the maximum of 

s ,mm 


0.01 4 =0.010x282743=2827 mm 2 

0.012 A k =0.012x237583 = 2850.mm 2 J 


4 f =2850 mm 2 

Choose 12 <J> 18 (3053 mm 2 ) 
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Step 2: Determine spiral reinforcement 

Applying in the second equation to determine the volume of the spiral (V sp ) 

p u = °- 35 fa, A +0.67 4 Ac +1-38x4, V sp 

Note that A sc chosen will be used 

3220 x 1000 = 0.35 x 25 x 237583 + 0.67 x 240 x 3053 +1.38 x 240 x V 
Vjp = 1963 mm 2 
Check that V sp >V sPtmin 

( f \ f N 

Kp ,min _ 0.36 —— [A c - A k ]= 0.36 j —— I[282743-237583] 

yp J \Z4QJ 

Kp.mm =1693 mm 2 <V sp . o.k 



Step 3: Design of spiral 

Assuming that bar diameter of the spiral is 8 mm, A sp = 50 mm 2 .Use the following 
equation to determine the stirrup pitch p 


P = 


* Ap Dk 

V , 


^■x50x550 

p - -- 

1962 


: 44.2 mm 


Round to the smallest pitch p=40 mm 
jO<80 mm and p >30 mm .. ..o.k. 
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Example 6.4 

Determine the ultimate load that can be supported by a spiral column having a cross 
section of 800 mm with minimum area of steel required by the code. The spiral 
reinforcement is <j>10 every 50 mm. The material properties are f cu —30 N/mm ,f y — 
360 N/mm 2 ,f yp =240 N/mm 2 

Solution 

Step 1: calculate section properties 

Calculate the cross sectional area of the column 

A = — D 2 = -800 2 = 502655 mm 2 
c 4 4 

D k =800-50 =750 mm 

A. =-D 2 = —750 2 = 441786 mm 2 
‘4*4 

The area of the reinforcement equals 


Ac = bigger of 


0.01 A e 0.01 x 502655 = 5026 mm 2 

0.012/1, 0.012 x 441786 = 5301 mm 1 J 


4 C =5301 mm 

Step 2: calculate ultimate load 

Substitute in the first equation 

P u = 0-4 4 A + 0.76 4 A m 

P u = (0.4 x 30 x 502655 + 0.76 x 360 x 5301) /1000 
P u = 7482 kN 

Calculate the volume of the spiral, for <j>10 mm A sp = 78.53 mm' 

n A,„ D k 
V = p 
P 

„ n x 78.53 x 750 2 

y — -= 3701 mm 

50 

Applying in the second equation to detennine the second ultimate load 


p. =0.35 4, A +0.67 4 Ac + 1.381k 4 , v m 
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P u =0.35x30x441786 + 0.67x360x5301 + 1.38x240x3701 P„=7143 kN 

P u is the smaller of the two ultimate loads, thus 

P u = 7143 kN 

Choose 12 (j> 25 (5890 mm : { 



Photo 6.5 Circular reinforced concrete columns supporting a bridge 



6.4 Design of Composite Columns 

The use of composite columns has become increasingly popular in high-rise buildings 
construction due to several advantages such are. 

1- Significant saving in material and construction time. 

2- Smaller cross section and higher strength to weight ratio than conventional 
reinforced concrete columns. 

3- Inherent ductility and toughness that can be useful in resisting lateral loads. 

4- Higher load carrying capacity due to the composite action of steel and concrete. 
Furthermore the confinement of the outer shell in case of in-filled columns, 
increase the compressive strength of concrete. 

Composite columns can include concrete filled into FRP shell (fiber reinforced 
plastics) or into steel pipe. The ECP-203 defines composite columns as compression 
members reinforced longitudinally with one of the following (refer to Fig. 6.10). 

1- Internal structural steel shapes. 

2- External steel pipe. 

3- External steel tubing. 

6.4.1 Design Guidelines 

1. Forces required to be resisted by concrete in the composite member shall be 
transmitted to concrete through direct bearing on concrete. Bearing strength 
should be checked in accordance to clause (4-2-4-1) or clause (5-6) of ECP- 
203. All forces not directly transmitted to the concrete should be transmitted to 
the steel section through connections attached to the steel sections. 

2. Interaction diagrams for composite columns subjected to eccentric compression 
force can be developed in a manner similar to that followed for regular 
reinforced concrete columns. 

3. All axial load strength not assigned to concrete of a composite member shallbe 
developed by direct connection to the structural steel shape, pipe, or tube, lhis 
achieved through welding of shear connectors (small steel pieces) to the steel 
shape or pipe before casting the concrete. 

4. The maximum yield strength of the structural steel core shall not exceed 350 
N/mm 2 . 

5. Spiral reinforcement pitch and diameter should confirm to that mentioned in 
non-composite reinforced concrete columns. 

• p =30-80 mm 
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6. The ratio of the longitudinal reinforcement ( /i ) shall not be less than 1% and 
not more than 6% of the net area of the cross section as follows: 

M = • — > 1 % 

< 6 % 

A, =A SC +A SS 

Where A g is the gross cross sectional area, A sc is the area of the reinforcement 
and A ss is the structural steel area. 

7. The moment of inertia of the longitudinal reinforcement may be added to the 
structural steel moment of inertia as follows 

h =4+4 

I sc =moment of inertia of the longitudinal steel. 

I ss = moment of inertia for the structural steel about the centroid. 


8. The slenderness ratio of the composite column may be evaluated using the radius 
of gyration given by the following equation: 


\(E c I g /5) + E s I, 

(E C AJS) + E S A, 


( 6 . 20 ) 


A g = gross area of the cross section 
A, = total area of steel (A sc +A ss ) 

E c = Young’s modulus of concrete -*E C = 4400 yjf^ 

E s = Young’s modulus of the structural steel (=200000 N/mm 2 ) 

I g = moment of inertia of the concrete section about the centroid neglecting the effect 
of the reinforcement 

I, = moment of inertia of the structural steel and reinforcement (I sc +I ss ) 

In reinforced concrete columns subject to sustained loads, creep transfers some of the 
load from the concrete to the steel, increasing the steel stresses. In the case of lightly 
reinforced columns, the load transfer between concrete and steel may cause the 
compression steel to yield prematurely (too early), resulting in a loss of the effective 
El due to creep in both steel and concrete. However, For heavily reinforced columns or 
for composite columns in which the pipe or structural shape makes up a large 
percentage of the cross section, the load transfer due to creep is not significant. 
Accordingly, in Eq. (6.20) only the term El of the concrete is reduced for sustained 
load effects. 
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c)Internal I-beam + steel reinforcement d)Internal angles + steel reinforcement 


Fig. 6.10 Examples of composite columns. 
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6.4.2 Types of Composite Columns 

6.4.2.1 Structural steel confining concrete core 

Structural steel confining concrete core should have a wall thickness large enough to 
reach yield stress before buckling outward. The ECP-203 requires that for a composite 
member with concrete encased by structural steel tube or pipe, the thickness of the 
steel wall shall be not less than: 

For rectangular column with width b, the minimum thickness for each face as shown 
in Fig. 6.10 is given by 



For circular columns with diameter D 

( 6 . 22 ) 

Where E s is the modulus of elasticity of external steel casing. 

* Capacity of columns with ordinary stirrups 

The capacity of the encased concrete columns subjected to axial load with 
minimum eccentricity (e < e min ) equals to: 

P u =0.35 f m A c +0.67/„4, +0.67/,. A x ....(6.23) 

Where: 

fyu = Steel yield strength of the outer steel tube or pipe. 

f ysc = Steel yield strength of internal steel vertical reinforcement. 

^■SS Cro^s sectional area of the outer steel tube or pipe. 

A sc = Cross sectional area of the internal vertical reinforcement. 
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• Capacity of circular columns with spiral reinforcement 

The capacity of circular composite columns that are laterally confined is given 
by: 

P u = 0.40/„, A c + 0.67 f yl , A„ + 0.76 f ysc A sc .(6.24) 

Where: 

f s = steel yield strength of the internal structural steel shape. 
f] c = steel yield strength of internal steel reinforcement. 

A s , = Cross sectional area of the internal structural steel shape, 

A sc = Cross sectional area of the internal reinforcement. 


In such a case, the amount of the spiral reinforcement should satisfy the 
minimum requirements given by the following equations: 

v _ n A *p D k v .(6.25a) 

Y sp “ sp .min . 

(f \ 

V . =0.36 “ \A-A k ] .(6.25b) 

sp,nun r L c 

V yp 

A k =^ D k D. k =(D- cover) 

where 

A c is the gross cross sectional area of the column. 

A k is the area of concrete core enclosed by spiral stirrups. 

A sp is the cross sectional area of the spiral stirrups. 

V sp is the spiral reinforcement volume. 

p is the pitch of the spiral stirrups. 

f yp is the steel yield strength of the stirrups. 
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@.4.2.2 Concrete surrounding Structural Steel Core 

To maintain the concrete around the structural steel core in composite columns it is 
reasonable to require more lateral ties than needed for ordinary reinforced concrete 
columns. The yield strength of the structural steel core should be limited to prevent 
separation of the concrete. It has been assumed that axially compressed concrete will 
not separate at strains less than 0.0018. According to the ECP-203 yield strength of 
350 N/mm represents an upper limit of the useful maximum steel stress. 

The axial capacity of the composite column with concrete surounding the structural 
steel core may be calculated according to the type of ties as follows: 

• Ordinary stirrups surrounding structural steel core 

In case of using ordinary stirrups, the following requirements should be 
satisfied: 

1. The diameter of stirrups shall not be less than 8 mm and shall completely 
surround the structural steel core. 

2. Stirrups shall have a diameter not less than 0.02 times the greatest side 
dimension of the composite member but not more than 16 mm. 

3. Vertical spacing of stirrups shall not exceed (16(D) longitudinal bar diameters. 

4. A longitudinal bar shall be located at every comer of a rectangular cross 
section, with other longitudinal bars spaced not more than one-half the least 
side dimension of the composite member or 150 mm. 

The ultimate canying capacity of the column is calculated by 

P « = 035 /- A c +0.67 a. + 0.67 f ysc A sc ...(6.26) 

Where: 

fyss = Steel yield strength of the internal structural steel. 

fysc Steel yield strength of the longitudinal steel reinforcement. 

Ass ~ Cross sectional area of the internal structural steel. 

A sc — Cross sectional area of the longitudinal reinforcement. 


250 


• Spiral reinforcement surrounding structural steel core 

Concrete that is laterally confined by spiral reinforcement has increased load¬ 
carrying strength. 

In case of using spiral reinforcement, the capacity is given by: 

P u =0.35 f cu A k +0.67 A ss +0.67f yic A sc + 1.38/,^ .- ( 6 - 27 ) 

Where: 

f ss = Steel yield strength of the internal structural steel shape. 

/” = Steel yield strength of internal steel reinforcement. 

f C = Steel yield strength of the spiral stirrups. 

A ss = Cross sectional area of the internal structural steel shape. 

= Cross sectional area of the internal reinforcement. 

V sp = Spiral reinforcement volume. 

The amount of the spiral reinforcement should satisfy the minimum 
requirement given by the following equation: 

7iA sp D k .;.(6.28) 

r sp~ p sp.m in . 

Where V sp , min is determined from Eq. 6.25. 

The designer assumes a cross sectional area for the rebar used as spiral (8mm or 
bigger diameter) and computes the required pitch. The pitch used must be 
within the limitations of the ECP-203 (30 mm->80mm). If the required pitch is 
less than 30 mm, a bigger diameter should be assumed. On the other hand, if the 
calculated pitch is greater than 80mm, a decrease of the spiral diameter or the 
use of the same diameter but with spacing of 80 mm should be considered. 
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Example 6.5 

Design a rectangular composite column with an internal IPE No. 300 if the column is 
subjected to the following axial compression loads 

Pdl = 1450 kN 

Pll = 760 kN 

The material properties are as follows 

feu =35 N/mm 2 

fysc =360 N/mm 2 

fyss =300 N/mm 2 

Solution 

Step 1: Calculate column dimension 

Calculate the ultimate load 

P u =1.4 P DL +1 ,6P U =1.4x1450 + 1.6x760 = 3246 kN 
The cross sectional area of BPE 300=5380 mm 2 
The axial capacity of a composite column is given by 
P ‘ = 035 /- A c +°-67/ J „ c A, c +0.67 f m A ss 
Assume A sc = 0.01 A c , thus 
P u =A c X0.35f cu +0.0067 f ysc )+0.67 f yss A„ 

3246 x 1000 = A c (0.35 x 35 + 0.0067 x 360 ) + 0.67 x 300 x 5380 
Ac = 147635 mm 2 

Assume column width b of250 nun, then column thickness t equals 

, A c 147635 _, 

1 = ~ = — — - = 590.5 mm 
b 250 

t= 600 mm 

Step 2: Calculate longitudinal reinforcement area 

a sc =o.oia c 

A JC =0.01x147635 = 1476 mm 2 
Choose 16 <J) 12 (1810 mm 2 ) 

The maximum horizontal spacing between the vertical bars equals 
. b 250 

- - = 125 mm < 150 mm ok. 
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• The ratio of the longitudinal reinforcement p should not be less than 1% and 
not more than 6% from the net cross section 


»= -> 1 % 
A „ -A, 


A =A u +A =1810 + 5380 = 7190 mm 2 

™ sc chosen ss 


250x600-7190 


- = 1.27% > 1%. ok. 

i 

< 6% ....ok 


Step 3: Calculate stirrups 

In this type of composite columns, more lateral ties is required than for ordinary 
reinforced concrete columns. 


The minimum stirrup diameter /50 = 600/50 - 12mm 

j <16 mm 

The vertical spacing between the ties should be less than 16 times the vertical bars 
Chose stirrup diameter of 12 mm and spacing of 167 mm <(16 x 12=192 mm) 
Choose 6 <(> 12 /m' 


125 , 125 i 125 i 125. 


25 mm to CL of bar 


25 mm cover 
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The ratio of the longitudinal reinforcement p should not be less than 1% and 
not more than 6% from the net cross section 


v = 1/0 

A c -A, 

A =A u +A =3054 + 6260 = 9314 mm 2 

“t sc chosen ss 

= -3054- = j 12 o /o > x% ak . 

282743-9314 

< 6 % ....ok 

Step 2: Determine spiral reinforcement 

Applying in the column equation to determine the volume of the spiral ( V sp ) 

P u =0.35 f m A k +0.67 f yss A, s +0.67 f ysc A sc +1.38/ yp V sp 

Note that f yss =400 N/mm 2 , however, according to the ECP-203, the maximum usable 
stmctural steel yield strength is 350 N/mm" f yss =350 N/mm 

5308 x 1000 = 0.35 x 25 x 237583 + 0.67 x 350 x 6260 + 0.67 x 360 x 3053 +1.38 x 240 x V s/I 

V sp = 3094 mm 2 
Check that Vsp ^ V S p m i n 

K s/ ,. mi „ =036[f)K _^ t ] = 0.36g][282743-237583] 
v yp / v 

V . =1694 mm 2 <V sp . ok 

r sp ,mm S P 

• 600 mm_ | 


550 mm 


f J > 

L J— 4 
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Example 6.7 

Design a spiral composite column with an external pipe to support an unfactored dead 
load of 2400 kN and an unfactored live load of 1500 kN. 

The material properties are as follows 

f cu = 25 N/mm 2 

f ysc =280 N/mm 2 

f yp =240 N/mm 2 

f yss =350 N/mm 2 

Solution 

Step 1: Determine cross section and A sc 

p _i 4 p oL +i.6 P LL = 1.4x2400 +1.6x 1500 = 5760 kN 

According to the ECP-203, the minimum thickness of the pipe equals 



Thus minimum area of the pipe equals 



Assume that the reinforcement ratio p for the vertical bars- 1% 

P u =0.40/„ A c +0.67/„ A ss +0.76 f ysc A sc 

5760x1000 = 0.4x25 xA c +0.67x350x0.059 xA c +0.76x280x(0.01 A c ) 

A c = 221850 mm 1 4 C =^-D 2 
D = 531 mm -»-+D=550 mm 

Assuming that concrete cover is 25 mm then the core diameter D k equals 
D k =550-50 =500 mm 

The area of the concrete, A c =^D 2 =^-550 2 = 237583 mm 

The area of the core, A t = ^ 5 00 2 = 196350 mm 

A sc = 0.01 A c = 2376 mm 2 >1.2% of Ak (2356 mm )....ok 

A sc =2376 mm 2 Choose 12 <J) 16 (2413 mm 2 )__ 
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Step 3: Determine the Pipe thickness 

r — - 

~ = 550 - .jgL = 8.13«m 

]j8£ s V 8x200000 


Take t= 9 mm 


/4 JS =nDt = 7rx550x9== 15551mm 2 

• The ratio of the longitudinal reinforcement ( p ) should not be less than 1 % and 
not more than 6% from the net cross section 

P = -^—> 1 % 

A t~ A , 


A, =A SC +A SS = 2413 + 15551 = 17964 mm 2 
2413 

"•7 375 S 3- I 7964 ° ll%al% .^ 

< 6% ....ok 


Step 3: Determine spiral reinforcement 

The used spiral should be greater than the minimum spiral reinforcement specified by 
the code 

v S p.mm = °-36 [A c -A k ] = 0-36^1 [237583-196350] 
y yp / \240 ) 

V s P .mm = 1546.3 mm 2 

Assuming that bar diameter of the spiral is 8 mm, A sp = 50 mm 2 . Use the following 
equation to determine the stirrup pitch p 

. 1 A sp 


n x 50x500 

p= ~^^r =5Q * mm 

Round to the smallest pitch p=50 mm 
p <80 mm and p >30 mm ....o.k. 


Steel pipe of 
/ thickness 9 mm 


08 at 50 mm/ 
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6.5 Calculation of Axial Loads on Columns 

The axial load on a column is the sum of the total loads that comes &om all stotchmd 
elements such as beams, slabs, and walls. There are two approaches for calculating 
axial loads on columns namely, the area method and the reaction metho . 


6.5.1 Area Method 

The first method is the area method in which the column is assumed to carry loads 
acting on an area bounded by the centerline of the previous bay to the centerline of th 
next* bay “S directions as sho™ in Fig. 6.11. This method ,s vety effect.™ m 
calculating loads on columns with a symmetrical layout or on columns with flat 

floors. 



Fig. 6.11 Calculations of column load using area method 


This method can be used for floors containing projected beams The reactl “ 1 
lalcukted by ignoring the effect of continuity and treating every beam as a simple 
scan This method should be limited to plans with nearly equal spans. The effe 
continuity appoint B can be implemented by multiplying the react,on by U as sho™, 

in Fig 6.12. 
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w 



w Li/2 w (L 2 +Li) w L 2 /2 


Fig. 6.12 Effect of continuity on the calculation of column load 


However, this method may lead to serious errors in buildings where large differences 
exist in the adjacent spans either for flat slabs or slab beams floors. This is attributed to 
neglecting the effect of continuity especially for unequal spans. For example, the 
reaction on column B (shown in Fig. 6.13) when calculated by the area method gives 
80 kN whereas the reaction obtained from tire structural analysis equals 126 KN (about 
57% eiTor) 


20 kN/m' 20 kN/m' 



20 kN 80 kN 60 kN !4kN 126 kN 48 kN 


(tension) 

Area method Exact analysis 

Fig. 6.13 Comparison between area method and exact analysis 
(where the use of area method is not recommended) 
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6.5.2 Reaction Method 

This method depends on the exact structural analysis of the structure either using a 
computer analysis program or classical structural analysis. The reactions are calculated 
from tire shear loads. When using the computer, the whole structure is modeled and the 
reactions are obtained from the final solution. For hand cakulations, the structure is 
divided into individual beams and the reaction of each beam should be added to give 

the final column load. . .. 

The self-weight of the column should be added to these reactions or can be estimated 

as 5-10% of the column load. 


Photo 6.6 Column reinforcement placement in a high-rise building 
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DESIGN OF SECTIONS SUBJECTED TO ECCENTRIC 
FORCES 


Photo 7.1 The bridge over Suez canal 


7.1 Introduction 

This chapter deals with the analysis and design of cross sections subjected to axial 
loads and bending moments. Concrete sections may be subjected to eccentric 
compression or eccentric tension. The eccentricity of the load could be in one 
direction “ uniaxial" or in two directions biaxial . 
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The behavior of the sections under combined axial compression loads and bending 
moments depends on the magnitude of the moment M u and the axial force P u . If M u is 
relatively small compared to P u , the eccentricity e will be small and the section willbe 
subjected to a small eccentricity. In this case, most of the section will be in 
compression and column behavior will dominate. On the contrary, if M u is large the 
eccentricity e will be large enough so that the normal force will be outside the cross 
section and the section will be subjected to a big eccentricity. In this case, the near side 
of the section will be subjected to compression and the far side will be subjected to 
tension, and beam behavior will dominate. The combination of an axial load P u and 
bending moment M u is equivalent to a load P u applied at eccentricity e =M U /P„ as 
shown in Fig. 7.1. 



(a) Axial load and moment (b) Eccentric Load (c) Eccentric Load 


Fig. 7.1 Representation of axial load and bending moment 
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7.2 Interaction Diagrams 

7.2.1 Definition 

The interaction diagram or "the failure envelope ” of a reinforced concrete cross- 
section contains the different combinations of M u and P u that result in the failure of the 
cross section as shown in Fig. 7.2. Thus, an interaction diagram is a graphica 
representation of all possible combinations of axial loads and bending moments that 
cause failure for a given cross-section. In order to develop the interaction diagram, one 
has to know the concrete dimensions of the section, the longitudinal reinforcement, J cu 
and f y . 

Developing the interaction diagram of a reinforced concrete cross-section can be 
achieved through the application of: 

1. Compatibility of strains. 

2. Equilibrium of forces and moments. 



Fig. 7.2 Interaction diagram of a reinforced concrete cross section 
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7.2.2 Modes off Failure 

Fig. 7.3 presents a series of strain distributions and the resulting points on the 
interaction diagram. The state of stress developed in the concrete and steel controls the 
type of failure. These modes are explained as follows 

7.2.2.1 Compression failure mode 

Point A corresponds to the case of pure axial loading and point A' represents the case 
of axial loading with code minimum eccentricity (i .e. e/t=0.05). Point B represents the 
case of compression failure mode where the concrete reaches its ultimate strain of 
0.003 and the tension steel does not yield. This failure mode is brittle, as the column 
fails as soon as the concrete compressive strain reaches 0.003 without large 
deformations or sufficient warning. Accordingly, the Egyptian code increases the 
strength reduction factors for concrete and steel for such modes of failure. 

This mode of failure belongs to columns with a relatively small bending moment. 


0.002 



Fig. 7.3 Modes of failure for a section subjected to eccentric forces 
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7 2.2.2 Balanced Failure Mode 

At this point the concrete reaches its ultimate strain of 0.003 at the same time that the 
tension steel reaches OS/1.15) (point C). The maximum bendmg moment capacity for 
the section occurs at this point ( M ub ). Loads larger than the balanced load P ub , caus 
compression failure and loads smaller than the balanced load P ub cause tension failure. 
The position of the neutral axis c b can be obtained from the following equation. 


690+/,.(A / mm 2 ) 


7 . 2 . 2.3 Tension failure mode 

This is represented by point D on the interaction diagram. The strainin the steel is 
ton tteTeld swin and the steel will reaeh the yield,ng stress. This ,s a ductile 
Se rf fetoe toce the section will orach and develop large defortotmns before 
failure thus giving sufficient signs of warning before the complete collapse. Th 
behavior is similar to that of beams rather than columns. If the axial force 18 equal t 
zero the section will reach the case of pure bending represented by point E. Both the 
axial loads and moment capacities increase in this zone up to the balanced p . 

Point F corresponds to the section axial tension capacity. The part E-F represents the 
section capacity > under «he combined axial l.nsion and bending. The modes of failure 
and steel stress can be established from Eq. 7.2 and Table 7.1 as follows. 


Compression Failure 

f s <f y //; (steel did not yield ) 


if P U >P* 


M u <M uh 

y s >1.15 and y c >1.50 


Tension Failure 

f s =f y /rA steel y ields) 


if P»< P ub 


M u <M ub 

y s =1.15 and y c =1.50 
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Table 7.1 Steel stresses according to the type of failure 


Type of failure 

Tension steel stress 

Compression steel stress 

Tension failure 
Pu<Pub 

yields ,f=f y /1.15 

yields,/'=// 1.15, or 

does not yield // = 600 c * 
c 

Compression 

failure 

Pu>Pub 

does not yield, f s = 600- ~ c - 

C 

yields,/*=/,/& or 



7.2.3 Development of the Interaction Diagram 

In this section the relationships needed to calculate different points on the interaction 
diagram are derived using the principles of strain compatibility and equilibrium of 
forces. The procedure followed to obtain a point on the interaction diagram is as 
follows: 

• Concrete strain at the outermost stressed fiber of the section is assumed to 
be equal to 0.003. 

• Because it is difficult to solve the equilibrium equations for a specific axial 
load and bending moment, the neutral axis distance c is usually assumed and 
the developed forces and moments in the concrete and steel are evaluated as 
shown in Fig. 7.4a. Incrementing the neutral axis distance for enough points 
gives the interaction diagram as shown in Fig. 7.3. 

• According to the ECP-203, the strength reduction factors change depending 
on the applied eccentricity (mode of failure) and are given by 

n=L 5 x (l _£ r )“ L5 ... (7 - 3) 

r, =l.i5x^-~j>1.15 .(7.4) 


Note: if e!t >0.50 then y s =1.15 and =1.50 



Fig. 7.4a Strain and stress distribution eccentrically loaded sections 
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• Steel strains in both compression and tension steel are calculated using 
similarity of triangles. The developed stress using the computed strain is 
checked to ensure the yielding of the steel. Noting that Young s steel 
modulus equals 200,000 N/mrn , the stress in the tension steel is obtained 
using the following compatibility equation 

r -e x 0 003 x ^ ~ C - = 600 ^- < — (tension if positive).(7.5) 

J s s ' c c Y, 



/ -600^ ° < fy 
c y s \ 


Similarly, the stress in the compression steel equals 


f' = 600-—— < —! 
c y s 

(compression if positive) .(7.6) 


The values of strength reduction factors and steel stresses are illustrated in 
Fig.7.4b. It is clear from this figure that/■=//1.15 if the point is in the ductile 
failure mode (below the balanced point) and Eq. 7.5 should if the point in the 
brittle failure zone (above the balanced point). 



M Jfcu bt 2 


Fig. 7.4b Calculation of tension steel stress (f s ) in developing interaction diagram 
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The equivalent stress block distance (a) is assumed to be equal to 0.8c as 
permitted by the code, and the corresponding concrete force is evaluated. The 
total axial capacity is given by the following equilibrium equation 


P u -C c +C S -T 


(7.7a) 


0-67/),, b (0.8c) 


+<x/;-^x/ s 


(7.7b) 


• For symmetrical sections, the bending moment capacity of the section is 
obtained by taking the moment of the individual forces about the c.g as 
follows 


M.. = 


•0-67/„ b (0.8c) 

Yc 


+ A 'sXf;\~d'\+A s 


(7.8) 


• It should be clear to the reader that the corresponding bending moment can 
be computed at any point in the cross-section similar to the case of pure 
bending, but with one major difference in that the axial load is located at the 
c.g along with the bending moment. Thus, if the bending is calculated at any 
point rather than the c.g (or plastic centroid in case of unsymmetrical 
sections), the normal force should be included. For example, the bending 
moment at point “o” in Fig. 7.4 equals 


M » =P„ xL-- °- 67 fcu b (°- 8c ) x £_^ X f;xd' + A s xf s xd .(7.9) 


Y c 


An example of an interaction diagram obtained using the aforementioned 
procedure is shown in Fig. 7.8. 
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7.2.4 Plastic Centroid 

Most of reinforced concrete columns are symmetrically reinforced. However, in the 
cases where the eccentricity is large, it is more economical to place most of the 
reinforcement on the tension side. In reinforced concrete sections with unsymmetrical 
reinforcement the load must pass through a point known as the plastic centroid. The 
plastic centroid is defined as the point of application of the resultant force(p up )when 
the column is compressed uniformly to the failure strain. Eccentricity must be 
measured with respect to the plastic centroid as shown in Fig. 7.5. The strength 
reduction factors y c and y s are taken as 1.75 and 1.34 receptively 

For symmetrically reinforced sections, the plastic centroid coincides with the center of 
gravity. The procedure for calculating the plastic centroid is illustrated in example 7.2 


0.67 x f cu /1.75 



Fig. 7.5 Plastic centroid for sections with unsymmetrical reinforcement 



Photo 7.2 Unconventional support for a Multifamily Building -Warsaw 
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Example 7.1 

Calculate the balanced load and balanced moment for the section shown in figure 
knowing that the material properties are 
f cu =35 N/mm 2 

f y =400 N/mm 2 


50 mm I I 300 mm 


• I A' s =1800 mm 2 


-i ... 


A S =1800 mm 2 


Solution 

Step 1: Calculate Cb 

The position of the neutral axis position at balanced failure is given by 


690 . 690 „ 

c b ~ Trm ~ 7 ~d — —————800 = 506.42 mm 
690 + f y 690 + 400 

a,, = 0.8xc =0.8 x 506.42 = 405.14 mm 

Assume that y c =1.5,y s =1.15 (e/t>0.5) (will be verified later) 

f‘ ~ 600 ~ c = 600 ~~~ = 540.76 N / mm 2 » . steel yields 


fl . 400 
Js 1.15 

Step 2: Calculate the forces 

C - 0 (,1 fru y bxg l: 0.67x35x300x405.14 1 


: 1900.1WV 


c,^>A„ 8 o ° x i2|,_+_ =626 , w 


r = ^ x 77T = 1800x^x-i- = 626.1 kN 
1.15 1.15 1000 
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A' s =1800 mm 


0.67x35/1.5 


I M “ 



Es = Sy/l.l5 



C s rA'JVl.15 


T=A s f,/1.15 


b=300 mm 


Step 3: Calculate the bending moment 

Computing moment at plastic centroid (c.g. in this case) 

"-‘ C 4“f>+ c 4~ rf0+r( 2“ d ') 


■ 

, = 1900. 


,^_ 40 | 14 V 626 J j '!| 0 _ 50 ^ 626 . 1 (!|0 


- 5o)l —-— = 
) 1000 


892.21 kN.m 


e b 892.21 
t ~ 1900.1x0.85 


= 0.552 > 0.50...(our assumption that y c —1.5,y s —1.15 is correct) 


Note: The bending moment can be taken at any other point as long as the ultimate load 
P u is considered, thus 


Af„ 6 =[l900.1x^-1900.1x^|^-626.1x50+‘626.1x80ol^ = 892.2UN.m 

2 2 J 

(same as before) 
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Example 7. 2 

Locate the plastic centroid for the section shown in figure, knowing that 



To find the plastic centroid, the entire section is subjected to compression force, thus 
y c =1.75 and y s =1.34. Assume 50 mm concrete cover 


50 mm 0.67x25/1.75 



C T =A S x^ = 1500x—x—i- = 447.76ifc/V 
r s 1.34 1000 

The resultant of the three forces P up equals 
P up = C S +C c +C r = 119.4 + 2584.286+447.76 = 3151.45 kN 
Computing the moment of all forces at point o (bottom fibers) 
Pup xX P =C S x850 +C c X450 +C T x50 


119.4x850 + 2584.286x450 + 447.76x50 
3151.45 


= 408.32 mm 


The distance of the plastic centroid to the c.g (e p ) equals 
e ; , = — - X p = ——— 408.32 = 41.68 mm 
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Example 7.3 

Construct the interaction diagram for the section shown in figure knowing that the 
material properties are 

f cu =30 N/mm 2 
Jy = 400 N/mm 2 


O 

50 mi 



A' s =1575 mm 


A s =1575 mm 


b=250 mm 


Solution 

Point 1 (Pure axial compression) 

The entire section is under axial compression and the neutral axis is considered at 
infinity. The strain distribution is uniform at the ultimate strain and all the steel has 
yielded in compression. Summing all the forces gives the total section capacity 


A' s =1575 mm 



d'=50 mm 


A s =1575 mm' 


0.67 x 30 /y c 



CrAVy/fi 


Cr* Asfy/fi 


b=250 mm 


067 ^ 6 , 4 4 


Since the section is in pure compression e=0 thus y c =1.75 and y s =1.34 
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„ _0.«x30x250x700 400 . 400 

•-Tb - t ,575x—= 2950W 

Since the column has symmetrical reinforcement M u —0 

However, the ECP-203 does not permit the use of this capacity and assumes that any 
column will be subjected to a minimum eccentricity of (e min =0.05 t). Thus, use the tied 
column equation 

P u = 0.35 f cu A c + 0.67 A !C f y 

P u = 0.35 x 30 x 250 x 700 + 0.67 (1575 + 1575) 400 = 2681 kN 
M » = p u ' e m,„ = 2681 x (0.05 x 700) = 93835 Kn.mm = 93.84 kN.m 

Point 2 (compression failure) 

The compression failure occurs when the depth of the neutral axis is greater than its 
depth at the balanced position. In this situation the tension steel stress is below the 
yield stress and for the purpose of simplicity, the neutral axis position is chosen at the 
tension steel location ( c=d). Thus, the developed force in the tension steel is equal to 
zero. 


§ £ 

S E 

O o 

V) >/-> 

Qp VO 


A' s =1575 mm 2 


d'=50 ram 


|A s =1575 mm 2 


0.67 x 30 /y c 
~T~ -1 c *= A, ‘fy/rs 


b=250 mm 


c=650 mm and a= 0.8 x c = 520 mm 

To estimate the strength reduction factors y s and y c , assume that e/t=0.2 (will be 
verified later), thus 


Since c=d thus ,f=0 and T=0 


rs =\A5y.[l-^\ = \.265 
\6 3 J 
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/' = 600-—— ^ — 
c Y s 

Js 650 1.265 

. f = L. = = 316.2 JV/«m ! 

" Js y s 1.265 

C, = A: x // = 1575 x 316.2 x^ = 498 kN 

0.67x f cu xbxa 0,67x30x250x520_ L.- 1 SR 3 6 kN 

~ Yc 1.65 1000 

P u =C c + C s -T= 1583.6 + 498 - 0 = 2081.6kN 
Computing moment at plastic centroid (the c.g. in this case) 


= Cc (i _ £) + c s (^ - d') = [l 583.6 x (350 - 260) + 498 x (350 - 50)]^^ = 291.92 kN.n 

Check strength reduction factors 


e = ^ = 2^ = 0 .14 
P„ 2081.6 

y c =l.5xf--—'] = 1.68 «1.65. ..o.k 


y s =1.15xf-.-—'1 = 1.288 «1.265...ol 


Point 3 (balanced point) 

By definition at the balanced point the strain in the tension steel equals Sy/1.15. Thus, 
the stress in the tension steel equals f/1.15. 


A f s =1575 mm 


0.67 x 30 ly c 


H tj- ^ 

o iU / 

O ( 

VO ( 

i! I _ 



1 

d'=50 mm 


A s =1575 mm 


C s = A j/. 



e s Sy^Ys 


T=A s f./l.I5 


b=250 mm 
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690 , 690 

Cl =- d = -—x 650 = 411.47 mm 

b 690 + f y 690 + 400 

a= 0.8 c= 329.17 mm 

Assume that e/t>0.50, thus y c =1.5 and y s =1.15 (will be verified later) 

T = A s x = 1575 x — = 547.83 kN 

1.15 1.15 

c-d' f 
// = 600— -<d-L 
c y s 


/;=e oo 


411.4 7- 50 =527> 4 
411.47 Ys 


,_fy 400 


= 347.83 N/mm 2 


y s 1.15 

C s = A; x// = 1575x347.83 = 547.83 kN 

^ = M_ x 30^50x3 2 9.17 =H02 _ 72 ^ 


y c 


1.50 


P u = C c + C s -T = 1102.72+547.83-547.83=1102.72 kN 
Computing moment at plastic centroid (i.e. c.g due to symmetry) 

Mu=c A~z ) +c ^- d ')+ T (~ d ') 

329 17 

M u = 1102.72 x (350-—) + 547.83 x (350 - 50) + 547.83 x (350 - 50) = 533.16 kN.m 

Check strength reduction factors 


e ( M 


t ( P u xt j 


533.16 


■ = 0.69 


1102.7x0.7 

Since e/t > 0.5 our assumption that y c =1.5 and y s = 1.15 is correct 
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Point 4 (tension failure) 

For tension failure to occur, the neutral axis should be less than the balanced point. Let 
us assume the neutral axis position at c=2/3 Cb (position for maximum reinforcement in 
case of pure bending) 



c = -c h = -x 411.47 = 274.31 mm ->a= 0.8 c= 219.45 mm 

3 6 3 

y c = 1.5 and y s =1.15 (no need to check this assumption, because it was valid at the 
balanced point) 

The point is below the balanced load thus = ^5 = 347 83 N/mm ' 

T = A s xf s = 1575x347.83 = 547.83 kN 

fj = 600 '- 


, 2 74.31- 50 _ 49Q 6 > /y_ 
274.31 y s 




, fy 400 


= 347.83 N/mm 1 


y s 1.15 

C s =A' s x /; = 1575X347.83 = 547.83 kN 


0.67x f„. xbxa 0.67x30x 250x219.45 w 

Cc= ~~T c 1-50 

P u = C c + C s - T = 735.16+547.83-547.83=735.16 kN 
Taking moment about plastic centroid (i.e. c.g due to symmetry) 

"■“ c 4 _ ! )+ c 4 " < 0 + r ( i ~‘ 0 

M„ = 735.16 x (350 - ^|^) + 547.83 x (350 - 50) + 547.83 x (350 - 50) = 505.34 kN.m 
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Point 5 (Pure bending) 

In the case of sections subjected to pure bending, locating the neutral axis must be 
performed by applying the equilibrium equation 

P u =0 = C-T 

y c =1.5 and 75=1.15 (no need to check this assumption, because at the balanced point 
this assumption was valid). Assume that compression steel did not yield. 


A' s =1575 mm 2 


0.67x30/1.5 


o & • 

\o 


'Q -Aifi 


■ S =1575 Him 2 


b=250 mm 


S s >Sy/1.15 


T=A s fy/1.15 


/; = 600-—— = 600-— 50 
c c 

C c +C s -T = 0 or 

0-67 fcu*bxa A,xf v 

i.5 ny- 


C c + C s = T 


0.67x30x250x(0.8xc) r-50 1575x400 

-—— -- +1575 x 600-—— = — n WU 

' L5 c 1.15 

The previous equation is a second order equation in c, its solution results in 

c=77.96 mm -►-> a=0.8 c = 62.37 mm * 

/ . = 600 - = 600 — — = 2 15.1 8 < ...o.k( did not yield as assumed) 

c / f-y o 1.15 

T = A s xf s = 1575x347.83 = 547.83 kN' 


c s ~ 4s' x/ s ' = 1575x215.18 = 338.90 kN 


°- 67 xf^xbxa 0.67x30x250x62.37 


Computing moment at the c.g. 

M u =c4-f) + c4-n + ^-<n 

M u = 208.93 x (350 - ^f-) + 338.90 x (350 - 50) + 54?:83 x (350 - 50) = 332.63 kN.m 
P u =C c +C s -T = 0 

Point 6 (pure axial tension) 

The final loading case to be considered in this example is the concentric tension The 
strength of the concrete is completely neglected and the steel is in pure tension. Noting 
that the tension force is negative, P u equals 

P =—^(A s +A') 

“ 1.15 

p = Z^(1575 +1575) = -1095.7 kN 
“ 1.15 

M u =0 because the section is symmetrical 

I The interaction diagram for the previous column is drawn in the following Figure. 


1500 
^ 1000 
5 500 


''P' 

re compress 

on, point 1 



--l‘ 

-c< 

>lumn equation 
















' \ pure ter 

sion 



0 100 


point 7 (compressio i failure) 


pure bending 
(point 5) 


) 300 400 

Moment (M u ), kN.m 


balanced 
(point 3) 

tension failure 
(point 4) 


Interaction diagram for Example 7.3 


280 






7.3 Sections Subject to Eccentric Compression Forces 

To design an eccentric section, one has to know the applied forces, moments and 

material properties as shown in the frame below. 



Three approaches are available for the design of sections subjected to eccentric 
compression force: 

1. Interaction diagrams 

2. M us approach. 

3. Design using curves 


A trial section (b, t) is assumed and the reinforcement areas (A s , A ') are determined. 
Selecting a trial cross section for members subjected to eccentric forces is not an easy 
task. However when the eccentricity of the member is small, an approximate trial area 
can be established by designing the section as if it is subjected to axial loads only. On 
the other hand, when the eccentricity of the member is large, the trial area can be 
obtained by designing the section as if it is subjected to bending moments only 
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Photo 7.3 Eccentrically loaded section in a reinforced concrete tower 


7.3.1 Design Using Interaction Diagrams 

Interaction diagrams can also be used as design tools when prepared in special forms. 
The horizontal axis in the design interaction diagrams represents normalized (non- 
dimensional) bending moment MJf m b t , while the vertical axis represen* 
normalized axial load PJf cu b t. These interaction diagrams are valid for desigm g 
members subjected to eccentric compression forces, whether it fails m compression o 
tension. However, they were prepared for sections with compression steel of more 
than 40% of the tension steel (i.e:a= 0.40, 0.60, 0.80, 1). Thus if the designer need to 
use lower ratio of the compression reinforcement (especially in tension failure zone), 
the use of the interaction diagram is not attainable. 
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The interaction diagram is usually divided into four zones as follows (refer to Fig. 7.6) 

1- Zone A (e/t<0.05): In this zone, the design of sections is attained by 
applying the equation for tied columns and the applied moment is 
ignored. 

2- Zone B (compression failure P u >Pb): The design of sections in this zone is 

performed by using the interaction diagrams directly. 

3- Zone C (tension failure P u <Pb) • The design of sections can be performed 
according to the ratio of the compression reinforcement as follows: 

a) If the ratio of the compression steel is equal or greater than 0.4, the 
use of interaction diagrams is preferred. 

b) If the ratio of the compression steel is smaller than 0.4, 

(1) approximate methods (M M )can be used (as explained later) or 

(2) eccentric design charts. The use of the approximate methods 
( M m ) should be limited to sections subjected to relatively small 
compression forces otherwise it may lead to unsafe designs (as 
explained in the next section). 

4- Zone D (PJf cu b t <0.04): In this zone, the compression force is completely 

ignored and the section may be designed as if it is subjected to moment only. 



Fig. 7.6 Using interaction diagrams and design zones 
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The use of the interaction diagrams can be summarized m the following steps 


1) Estimate the cross section dimensions if not given using a trial section 

2) Determine the required diagram with the given f y , a and C 

if — <0 2 use uniform steel chrats 

t 

if—{0.2 -0.5) usetopand bottomsteela = 1 
Iff > 0 5 usetop and bottomsteel a = 0.4 -1 

3) Calculate the following terms 

p u M„ 

fa.bT’ f^bt 2 

4) Locate the reinforcement ratio p, and interpolate if required. 

5) Calculate area of steel using 

p — px f cu xKT 4 , A s — pxbxt or A s , WM / — pxbxt 

6) Compute the area of the compression steel (case of top and bottom steel) 

A ' s =aA s 

7) Check that the total area of steel is higher than code minimum requiremen 

A' s + A, > 0.008 b x t (columns) 

A s >0.225 yjf^If y bxd and (1.3 A s ) (beams) 


If the point falls inside the interaction diagram (point ajthemm^mareaofsteel 
should be used as shown in Fig. 7.7. If the point falls within the d^gr^poin bj the 
design of the cross-section should be carried out nomally Howe 
outs We the boundaries of the interaction diagram (point c), this indicates that the 
section dimensions are inadequate and must be increased. 



Fie. 7.7 The use of the interaction diagram 
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Appendix B contains interaction diagrams that can be used in design of eccentrically 
loaded sections with top and bottom reinforcement. An example of such diagrams is 
shown in Fig. 7.8. Appendix C contains interaction diagrams for sections with uniform 
reinforcement. 


Steel yield stress 



Mm. 

f'»xbxt 2 

Fig. 7.8 An example of an interaction diagram with top and bottom 
reinforcement(Appendix B) 
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Example 7.4 

Design a reinforced concrete column using interaction diagrams knowing that it is 

subjected to the following straining actions 

P u =1400 kN. 

M u =295 kN.m 

The material properties are 

„„ _ I( 2 . 250 mm 

=30 N/mm 


u 


f y =280 N/mm 



Solution 

Step 1: Determine the suitable design interaction diagram 




295 


= 0.32 


t Pxt 1400x0.65 
since e/t =0.2—>0.5 use a=1.0 


Assume cover=40 mm 


t -2xcover _ 650-2x40 Q 
^ = ~t .650 

Using chart in Appendix B with £=0.9, f y =280 N/mm 2 

Step2: Calculate the non-dimensional terms 

P 1400x10 3 


f m bt 30x250 x650 
295 xlO 6 


- = 0.287 


feu b{2 30 x 250 x 650 2 


■ = 0.093 


Step3'• Calculate As, A's 

Locating the point in the chart and determining p =2.8, (compression failure ) 

p. = p f cu 10 -4 = 2.8 x 30 x 1 O' 4 =0.0084 

A s = p b t = 0.0084 x 250 x650 =1365 mm 2 —>(4(j>22) 

A' s = a A s = 1 x 1365 = 1365 mm 2 -»(4<j>22) 
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7.3.2 Design Using M U s Approach 

If the eccentricity of the applied compression load is relatively small (above the 
balanced point), the tension steel does not yield and the section 1 
compression failure zone as shown in Fig. 7.9.a. However, all points lower than ie 
balanced failure point represent a case in which the section is partially cracked and the 
strain in the tension steel is greater than the yield strain as shown m Fig , 7.9 ,.fcTtas is 
defined as the tension failure zone. Although it is possible to derive a family ot 
equations to evaluate the strength of sections subjected to combined bending and axial 
force these equations are tedious to use and cumbersome. Interaction diagrams can be 
useif to design'sections in the tension failure zone. The available interaction diagrams 
were prepared for sections having equal amounts of steel on both sides or with a 
maximum difference of 40 percent between area of tension steel and con JP^ 
(a=A' s /A s =0.4). For sections in the tension failure zone, it is more economical to place 
most of the reinforcement in the tension side. 

There is analytical method for designing such type of sections called the M us a PP r0 ^h. 
The approximation in this method comes from neglecting the compression steel 

contribution in the calculation. 



a- Compression failure 


b-Tension failure 



Fig. 7.9 Strain distributions of sections subjected to eccentric compression 
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In the M m approach, the moment is taken about tension steel and called M us as given in 
Eq. 7.10. It should be emphasized that the balanced load has to be evaluated to verify 
that the type of failure is a tension failure. 

Referring to Fig. 7.10, the external moment M m about the tension steel equals to: 

M u, = p u xe s . (7.10) 

where 

t 

e s =e+--cover .(7.11) 

or alternatively M us can be written as 

M u S =M u +P u (1-cover) . (7.12) 

Taking moment of the internal forces about the tension steel and equating it to the 
external moment M m 



Fig. 7.10 Design of sections subjected to tension failure 
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Equilibrium of internal forces gives 



0-67 f cu ba 
1.50 


-P„ +A 


,£j_ 

1 1.15 


(7.14) 


Substituting with M us expression in the previous equation gives 


(<*-§)/,/ U5 /j ’ /1 ' 15 


■ + A[ 1 


jl-d'/d) 
(\-a 12d) 


To simplify the previous expression, the third term in Eq. 7.15 is neglected 

, M us _5l_ . 

^“(i-f)/,/U 5 / ' /U5 


The first term in the equation can be determined using design curves for section 
subjected to pure bending such as (Cl-J or R-co). 

Fouation 7 16 (M )gives the same solution as the strain compatibility in case of A' s =0. 
Furthermore, equation 7.16 gives a very close solution if the applied compression 

force is relatively small (P u «P ub ) and consequently the values of ® S he 

On the other hand as the applied compression force increases and gets closer to the 

balanced load, the’assumption of ignoring the 

in Eq. 7.15 becomes unconservative especially with high ratios of p 
Figure 7 11 presents the ratios of the required area of the steel when using the M 
approach and those when using of strain compatibility method. t is " ear * at 
calculated area of tension steel using the M us approach is much less than that 
calculated using the strain compatibility method; leading to unconservative results. 

The area of the tension steel using the M m approach can be l A tbal.of the strain 
compatibility method (interaction diagram). On the other han , 
compression steel obtained using the M,„ approach can be as high as three times th 
obtained using the interaction diagrams. Thus, the use » f ‘ 

limited to sections with relatively small compression forces in which the values 

are usually very small. 
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f y =360 N/mm 
M u /f cu bt 2 =0.10 
c = 0.9 

b=250 mm t=700 mm 


impres 


Photo 7.4 Bridge column during construction 
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It is clear from Fig. 7.11 that deviation between the area of steel obtained using M u 
approach and the interaction diagrams increases when the load level increases. 


Load level (PJfa, b t) 


Fig. 7.11 Comparison between area of steel calculated using the M us approach and 
that calculated from the interaction diagram for sections in tension failure zone 


Example 7.5 

Design the concrete section shown in figure below if it is subjected to an ultimate 
compression force of 220 kN and ultimate bending moment of 150 kN.m 

f cu =30 N/mm 2 f y =360 N/mm 2 a=0.2 


250 mm 



Solution 


Step 1 '• Assume failure condition 

Since we do not have the area of steel we have to assume the failure condition. 
Assume that P u <P b .. ..tension failure (the bending moment is relatively high) 


M„ = 150 
g " P u 220 


0.682 m 


Step 2: Determine area of steel 

Using the approximate method (tension failure), calculate the moment about tension 
steel M m . Assume that the concrete cover is 40 mm 

d =t -cover = 500-40 = 460 mm 

M m =M u +P u (i-cov e r) = 150 + 220x^-40jx T ^ = 1 96.2W.m 



- cover=0.682t-0.04 — 0.892 m 

2 


xe = 220 x 0.982 = 196.2 kN .in 



Another method to calculate M m 


R - - 196.2 x 10:—_ 0.1236 

1 f b d 2 30 x 250 * 460 2 

J cu 
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Ri=0.1236 




Using simple bending curves with compression steel in Appendix A, with (a=0.2) and 
d'/d = 0. 1 , it can be determined that: 
co = 0.16 

A s =«^-6xd--A_ = 0.16^-250x460-^i^ = 830.56mm 2 
/, f y /y s 360 360/1.15 

f 30 

a; = a Q) Af- b x d = 0.2 X 0.16-x250x 460 = 306.67 mm 2 

f y 360 

Note: The strain compatibility method (calculations not shown) gives 
A s =841 mm and A' s =310.5 mm 2 . Which is very close to the approximate solution 
because the applied load is small and far from the balanced load and the compression 
steel ratio a is small. 

Step 3: Verify failure condition 

690 , 690 ,, 

c * - xrm 7“ d - 7 ———— 460 = 302.285 mm 
690 + 4 690 + 360 

Applying the equilibrium equation 

P _ °-67 x/ e „ b (0.8 cj A’xf y A s x f y 
1-5 1.15 1.15 


D _ 0.67x30x250 (0.8x302.285) 306x360 830x360 

r ub -——---+ ——-- 645 kN > P„ 

15 1.15 1.15 

Since P u <P ub , This it is a tension failure mode as assumed. 
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7.3.3 Design Curves For Eccentric Sections 

As mentioned before, M m approach for designing eccentric compression sections 
should be limited to sections subjected to tension failure and with relatively small 
compression force. This section presents new design charts prepared based on the 
strain compatibility principle and the equilibrium of forces and can be used to 
accurately design sections subjected to tension failure whatever the value of the 
compression force. 

The following procedure is adopted to develop the charts. The neutral axis depth is 
first assumed and the corresponding strain in the steel is calculated for a concrete 
compressive strain of 0.003. To achieve equilibrium, a trial and adjustment procedure 
is performed. If the summation of the tension and compression forces is not equal to 
the desired load level, another value for the neutral axis depth is assumed and iteration 
is performed. This procedure is continued until the equilibrium is achieved. 

Consider the design interaction diagram shown in Fig. 7.12.a which were prepared for 
certain value of f y and a, dj. Each curve in the chart is equivalent to cutting the design 
interaction diagrams by a horizontal line at a certain load level (Rb = P u /fcu b t). This 
gives a group of points with different values of the normalized moment (M u /f cu bt ) 
and the reinforcement index p. The normalized moment values were plotted on the 
vertical axis and the corresponding values of 03 are plotted on the horizontal axis and 
are calculated using the following relation. 

a- px 4 xlO^ 1 

These charts fill the gap that was not covered by the interaction diagram (from a=0 to 
a=0.6). 



M u /f cu b f 


Fig. 7.12.a Development of the design charts 

Appendix D contains design charts that can be used in the design of eccentrically 
loaded sections. An example of such diagrams is shown in Fig. 7.12.b. 
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MJfa, b t 


n 



CO 

Fig. 7.12.b Eccentric design curve for load level of 0.2 (Appendix D) 


The design steps for section subjected to eccentric forces in the tension failure zone 
using the proposed charts can be summarized in the following steps 


Design steps for using eccentric design charts 

1. Determine the appropriate design curves by calculating the load level R 



P„ is positive for compression force and negative for tension force 

2. Enter the chart with the applied normalized moment capacity ( MJf cu b t 2 ) 
and choose the appropriate value for a 

3. Locate the steel index value co (interpolate if necessary) 

4. Calculate A s and A ' from 

f 

A s = ca^f-bt and A' s = a A s 

J y 
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Example 7.6 

Design a reinforced concrete section if it is subjected to an eccentric compression 
force using 

A- Interaction Diagram 
B-Approximate method (Mus approach) 

C-Design curves for eccentric sections 

Data 

M u =250 kN.m P u =700kN b=250mm t=700mm 

f =25N/mm 2 f y =360N/mm 2 C=0.9 a-0.6 


Solution 

A-Interaction Diagram 

Using interaction diagram for f y =360 N/mm 2 , <x=0.6, and Q= 0.9 
The point is below the balanced point, thus it is a tension failur e 

P u _ 700 xlO 3 _ n1<: 

f bt ~~ 25x250 x700 

J cu 


250 xlO 6 


= 0.082 


bt 1 25 x 250 x 700 

Locating the point in the chart and determining p =1.30 
p = p feu 10" 4 = 1.3 x 25 x 10- 4 =0.00325 
A s =|ibt = 0.00325 x 250 x 700 =570 mm 2 
A' s = a A s = 0.6 x 570 = 341 mm 2 



ao82 MJf cu b t 2 
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B- Approximate Method (M us ) 

Since it is a tension failure mode the approximate method {M m )can used 
1-4 1-0.9 

- ’ - -x7nn = ^s™ m 


cover = - z - xt —n 
2 2 

d = 700- 35 =665 mm 


-x 700 = 35 mm 


„ 250 0.7 

e s =e + --cover = — + —-0.035 = 0.672 m 

=f,xe, = 700x0.672 = 470.5 kN.m 
»i_ M u, 470.5 x 10 6 

K i =-—— =—-____n i 7 

f cu bd 2 25x250 x665 2 

35 

— =-= 0.05 

d 655 

Using simple bending curves (Rl-co) in Appendix A, with compression steel (a=0.6) 


and d'/d=0.05 


= 0.21 


A, 0.21^250 x 665-^22., 88 ». m = 

A ' =a ^ — bxd = 0.6 x 0.21 ^-x250x 665 = 1455 mm 2 


t can be concluded from this example that the approximate method did not give a 
valid reinforcement area of steel solution as the compression reinforcement is greater 
tian the tension reinforcement, and the area of the tension steel (188 mm 2 ) is less than 
obtained from the interaction diagrams (570 mm 2 ). The main reason for this big 
difference is that R b (0.17) is very close to the balanced load level 1 (0.20) 

C-Using Design curves for eccentric sections 

R P “ 700 xlQ 3 

f a bt 25 x 250 x 700 ~ ° 16 


M u 250 xlQ 6 

fa.bt 1 25x250 x700 2 


■ = 0.082 


— 0btamed from the interaction diagram (refer to the figure in the previous page) 
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M u 


fcubt 1 





( 0 = 0.058 


< 0 = 0.040 


Using charts in Appendix D with fy= 360 N/mm 2 , (a=0.6) 

For load level Rb=0.1 and Rb=0.2, <u can be obtained as follows: 
®Rb=o.i= 0-058 and co Rb =o. 2 = 0.040 

Using interpolation co R b*o,i6 = 0.0472 


A = a £sLbxt = 0.0472— 250x700 = 574 cm 1 


A' s = a As= 0.6.x 574 = 344 cm 2 

It is clear from Fig. 7.13 that the area of steel calculated from the charts is exactly as 
the interaction diagrams and the approximate method (M m ) gives unconservative 
tension area of steel. 


S Approximate 
a Interaction 
B Load level curves 



1600 


1400 

N 

s 

s 

•w' 

1200 

1000 

a 


Cfi 

O 

800 

at 

<y 

s* 

< 

600 


400 


200 


Tension Steel 


Compression steel 


Fig. 7.13 Comparison between the approximate method, interaction diagram and 
Eccentric load curves in example 7.6__ 
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7.4 Sections Subjected to Eccentric Tension Forces 

Sections subjected to tension force are some times encountered in frames, and tension 
members. The design of these types of members depends on the amount of the 
eccentricity. The ECP 203 states that concrete strength must be completely ignored if 
the applied tension force is inside the cross section. In this case the tension force is 
carried solely by the reinforcement as shown in Fig. 7.14.a. However, if the tension 
force, T u , lies outside the cross-section, part of the section will be subjected to 
compression as shown in Fig. 7.14.b. 


compression 


reinforcement 


IsHi 


strain ' 
istribution 


mm 


a- Small eccentric tension 


b- Big eccentric tension 


See section 7.4.1 


See section 7.4.2 


Fig. 7.14 Sections subjected to eccentric tension force. 


7.4.1 Sections Subject to Small Eccentric Tension Forces 

In members subjected to small eccentric force, the whole section is subjected to tensile 
strain and the concrete strength is completely ignored. The eccentricity of the applied 
tension force and moment must be within the cross section, or 


e < 


d-d’ 

2 


(7-17) 


Only the steel reinforcement act against the applied tension force with no concrete 
contribution as shown in Fig. 7.15. The developed force in each layer of steel is 
calculated according to its distance from the applied load and is given by 



(7-18) 

.(7.19) 


Calculate the developed tension forces T, and T 2 (T, is always > T 2 ). To calculate T h 
take moment of forces about point o in Fig. 7.15 as follows: 



(7.20) 


T -T -T .(7-21) 

Calculate A s/ , A s2 



b 

Fie 7 15 Equilibrium of a section subjected to a small eccentric tension force 
' 300 
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Final design 








7.4.2 Sections Subjected to Big Eccentric Tension Forces 

This case is usually found in reinforced concrete tanks, tunnels and aqueducts, in 
which the eccentric tension force lies outside the cross section “big eccentricity”, 
creating tension on the near side and compression on the far side. Thus, the concrete 
contributes to the strength of the section. This part is represented by the part E-F in the 
interaction diagram shown in Fig 7.3. However, since this part is not represented in 
. e interaction diagram as explained before, the same approximate method (M m ) used 
m sections with compression forces is used here with minor modifications The 
distance e s shown in Fig. 7.16 is given by. 


where e = ^ 

T u 

The moment about the tension steel M m equals 

M m = T u £ s = M u cover) ...(7.25) 

The problem can be solved using curves with double reinforcement (Rl-<n) 

Compute —— 
fcbd 1 

Locate a from curves using the desired compression steel ratio a and calculate A, 




Example 7.8 

Design a tension member (250 x 650 mm) if it is subjected to eccentric axial tension 
force of200 kN as shown in figure. 


f y =400 N/mm 
f c =35 N/mm 2 


fi concrete member 
I *250 x 650 ' 

!| —0.65 m 


200 kN 


Solution I" i 

0.9 m 

T u =200 kN (tension) 

e=0.9 m (outside the cross section —> big eccentric tension) 

M u =0.9 x 200 =180 kN.m 

Assume concrete cover of 50 mm —► d=650-50=550 mm —*d'Id - 50/600 - 0.10 

e -e— — + caver-0.9--^ : ^- + 0.05 = 0.625m 
1 2 2 

M m = T u .e, = 200 x 0.625 = 125 kN.m 


Compute _i^ = 125xl0 6 0 0397 

V f cu bd 2 35x250x600 2 

From doubly reinforced tables or curves with a=0.4 d'/d=0.10, and R=0.0397 
From the curves —> co=0.048 


^ =£0 Z™_ 5 ^ + — Tji = 0.048^-x250x600 + ^^ ^ ^ =1205 mm 2 -*(4<I>20) 

5 / f y /l.l5 400 400/1.15 

A' = a ( 0 —b d = 0.4x0.048-^-x250x600 = 252 mm 2 ->(2d>16) 
s f 400 

J y 













7.5 T-Sections Subjected To Eccentric Forces 

T-sections subjected to eccentric forces are often encountered in the girders of framed 
structures. Design interaction diagrams are available in design format only for 
rectangular sections. Preparations of such diagrams for T-section would be unrealistic 
because many variables are encountered such as B/b and t s /t ratios. The approximate 
method can be used to transform the T- shaped sections to members subjected to 
bending only using M m approach. The design steps are the same as those explained 
before jn section 7.3, however, the designer has to check the location of the neutral 
axis (a—0.8 c), and determine the area of steel using the (Cl-J) as follows. 



A, 


_ ± p u 

fyJ d 4/1.15 


A.= _ Mm _+ _L 

/„/1.15 (<*-f,/2) 4/1.15 


.(7.28) 


where t s is the slab thickness and P u is the applied axial force (;negative in case of 
compression and positive in case of tension) 

where e s is measured from the c.g. of the T-section as shown in Fig. 7.17 and 
determined from the following relations: 

M u> =P„xe s ...(7.29a) 


e s =e+(d-z) (compression), 


(7.29b) 


e s =e-{d- z) (tension) 


(7.29c) 



a-Eccentric compression 


b-Eccentric tension 


Fig. 7.17 Definition of e s in T-sections 
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Example 7.9 

Design the T-section shown in figure if it is subjected to the following straining 
actions. 

P u =600 kN (compression) 

M u =450 kN.m 

The material properties are 

f cu =25 N/mm 2 
f y =240 N/mm 2 

1800 mm _, | 



Solution 

Since the member is T-section, we can not use interaction diagrams and the 
approximate method should be used 

d = 700- 50 =650 mm 

M, 450 _ 

P u 600 

100x 1800x50 + 600x250x(600/2 + 100) _ 

Z_ 100x1800 + 600x250 

e s =e +(d -z) = 0.75+(0.65-0.209) = 1.19 m 
M„ =P U xe, =600x1.19 = 714.5 kN.m 



650= Cl, 


714.5xl0 6 

25x1800 


Cl=5.15 


Using the (Cl-J), determine c/d ratio 













.25 



c=0.125 x 650=81.25 mm 
a= 0.8 c = 65 mm 

since a< ts(100 mm), get J from the curve using c/d=0.125 
J=0.826 

A M us ( P„ 714.5 xlO 6 600x1000 

s ~ f J d ~f v /I-15 “ 240x0.826x650 240/1.15 " 

j y j y 

As,chosen 6 0 25 


3 #12 


Example 7.10 

For the cross section shown in the figure below calculate the moment capacity from 
the first principles. The material properties are f cu =25 N/mm 2 and f y =240 N/mm 

P u =600 kN (compression) 


1800 mm 



• J A s =2014 mm 


Solution 

Assume that a<t„ apply the equilibrium equation, and assume that y c =\-S and y s =l-15 


B=1800 mm 


0-67/ci, B a 



T - 


A s =2014 mm 


T=A s f/U5 


•67 fcuXBxa A, f y 
1.5 1.15 


600x1000 = 


.67x25xl800xar 2014 x 240 


a=50.67 mm < t s , our assumption is correct 
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Example 7.11 

Design the T-section shown in figure if it is subjected to the following straining 
actions 

P u =150kN (Tension) M u =850 kN.m 

The material properties are 

f cu =30 N/mm 2 f y =400N/mm 2 


100 mm 

A s =? 


Solution 

Since the section is T-section and subjected to tension force, transformation using the 
approximate method must be made 




d = 850 - 50 =800 mm 
850 


,___u___ 


■ = 5.667 m 


P u 150 

calculate the c.g of the section 


100x600x50 + 750x 120x(750/2 + 100) _ 
Z_ 100x600 + 750x120 

e s = e - (d - z) = 5.667 - (0.8 - 0.305) = 5.172 m 


I 

i 































Using the (Cl-J), determine c/d ratio —= 0.21 

d 

c=0.21 x 800=168 mm 
a= 0.8 x 168 = 134.4 mm 

Since a(134.4)> t s ( 100 mm), neglect the part in the web and calculate A s using 

A x P - 775.75x10 6 150x1000 _ 2 

1 f y /1.15 (d-t s /2) f r /l.l5 400/1.15x(800-l00/2) 400/1.15 ^ 


Choose 60 28 (3695 mm 2 ) 



7.6 Analysis of Irregular Sections 
7.6.1 General 

Reinforced concrete sections can take any shape. Irregular cross-sections are usually 
encountered in shear walls where irregularity comes from either the shape of the 
cross-section or the distribution of the reinforcement. For these sections, the 
development of the interaction diagrams follows the previously mentioned procedure. 

Referring to Fig. 7.18, any point falling inside the interaction diagram is considered 
safe (point A), while any point falling outside the diagram is considered unsafe (point 
B). 

The adequacy of the section is satisfied by ensuring that for the same axial load, the 
calculated moment capacity is greater than the applied moment. Thus comparing 
points C & F indicates that point C is considered safe because P U =P „ and M„>M U 



Fig. 7.18 Analysis of irregular sections 
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7.6.2 Strength of Shear Walls 

Shear walls are usually encountered in tall buildings to resist lateral loads initiated by 
wind or earthquake. The analysis of these walls should be based on strain 
compatibility and equilibrium of forces as shown in Fig. 7.19. The calculation can be 
carried out in tabulated form or using spreadsheet like EXCEL. The design procedure 
can be summarized in the following steps: 

1. The shape of the cross-section is usually chosen to fit the architectural 
requirements of the structure. 

2. The structural engineer usually assumes the concrete dimensions and the 
reinforcement distribution. Some codes of practice give recommendations 
regarding these issues. 

3. The neutral axis distance is assumed and the internal forces are evaluated. The 
stress in each steel bar is given by 

/„ = 600x —.(7.30) 

c r s 

The force in each layer of steel equals the stress multiplied by its area 

F st = f st xA sl (positive if compression).(7.31) 

4. The assumption of equivalent stress block is used, and the distance of the 
compression block is evaluated as ( a=0.8 c). The concrete force is divided into 
areas A ci then multiplied by the stress (0.67 f c Jy c ). 


F = 0 M*f. A 

r ci n a 


5. The section nominal ultimate axial capacity P„ is the sum of concrete and steel 
contributions as follows: 


.(7.33) 


This procedure is repeated until the condition of P„=P U is satisfied. 

6. The nominal moment capacity M n is computed by summing the moments of all 
the internal forces from its c.g to the plastic centroid of the section (X p ). Thus 
the moment capacity equals: 

i =nc i ~tts 

M n = I F d xy f +X F si (X, -d ,) .(7.34) 

f=l M 
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7. The section will be considered safe if the calculated axial capacity equals 
the applied force P u (within 5%) and calculated moment is greater than 

applied: 

P n = P u and M n > M u ... 

8.If the calculated force is less than applied force,-increase the neutral axis 
distance to increase the axial load capacity. 

9. If Pn=Pu but the calculated moment is less than the applied moment (Mn<Mu) 
increase either section dimension or reinforcement or both 



Fig. 7.19 Forces and strains in the shear wall at ultimate 
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Example 7.12 

The shear wall shown in figure is subjected to the following straining actions 

P u =12600 kN 
M u =7520 kN.m 

The material properties are 
f cu =30 N/mm 

f y =400 N/mm 2 

Determine the adequacy (Safety) of the cross section 

2100 mm 

,300 , 300 , 1 , 350' 


• 

• 
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Solution 

Step 1: Find the location of the N.A. 

Since the location of the neutral axis is unknown, a trial and adjustment procedure is 
carried out. As a first trial, assume that the neutral axis distance c=700 mm 

.'. a = 0.8c =0.80x700 = 560mm 

Step 1.1 Forces and moments in steel 

Since the section is symmetrical, the c.g. and the plastic centroid coincides. 

Xp=t/2=1050 mm 

Calculate the applied eccentricity e u 

= 0 . 59 68 , 

P u 12600 

Calculate the strength reduction factors y c and y s 
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y = 1.5x(—M = 1.45 < 1.5.y c =1.5 

U 3 J 


rs=lA 5 ^o^y lu<ll5 . /s=115 

The stress at each bar at distance d t from the compression face equals 


f. = 600x —li- = 600x 

J SI ■ 


700 -A < — < 347 . 8 N I mm 1 
700 1.15 


The force in each layer of steel equals the stress multiplied by its area by number of 
bars in the layer (positive in compression) 

The area of one bar O 19 A si is 283.53 mm 2 


F. =f.x(n, xA .,)- (kN) 

s, Js, V , "•'jooo 


2100 mm 



0=700 



1750 mm 



















The following table summarizes the results 



Layer No of dj 
bars, ii; mm 


12 


12 


2 


2 


fi 

N/mm 2 


50 347.8 


300 342.9 



900 -171.4 


1200 


1500 


1800 -347.8 


2050 -347.8 


-1183.4 


-1183.4 


P s =-459.99 


Step 1.2: Force and moment in concrete 

a= 0.8 x c = 560 mm 

Since a > flange thickness, divide the compression zone into two zones, the flange and 
the web. The force developed in each layer equals 


F, = «-^A 


1 0.67x30 


- = 0.01344 


t 2 =560-350 = 210mm 


The following table summarizes the calculations 



No 

ti 

bi 

A c i 

F C i 

_ 

mm 

mm 

mm 2 

kN 


1750 

612500 

8207.5 


400 

84000 

1125.6 

Total | 

Pc=9333.1 



P n = £ F„ + Y J F el =P s +P c = 9333.1 - 459.99 = 8873.11 kN 
1=1 |*1 

Since P„ (8873.11 kN) is less than the applied load P u (12600 kN), thus location of the 
N.A. must be adjusted. 

Note: The corresponding M U =12 106 kN.m (calculations not shown) 
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Step 2: Adjust c, and Recalculate P n 

Since the calculated normal force is less than the applied, try increasing the neutral 
axis distance c. After several trials, it can be found that the neutral axis distance that 
gives the axial force of 12600 kN is 1303 mm 
c = 1303 mm 

Step 2.1: Forces and moments in steel 

The stress in each bar f si equals 
f a = 600 130 ?~ rff -< 347.8 N/mm 2 


1303 


F sl =f si x{n,xAi) 


1 


1000 


(kN) 


The bending of each bar about the c.g equals 

M . = F. (—-d,)x- ( kN.m ) 

” “ v 2 1000 


The following table summarizes the results 































































































Step 2.2: Forces and Moments in Concrete 

a = 0.8xc = 1042,4 mm t 2 =1042.4-350 = 692.4 mm 

The force developed in each layer equals 
r. °.67x/ M A 1. 0.67 x 30 . 1 


0.67 x/ M 1 0.67x30 

~ y c ^ 1000 ~ 1.5 

M a= F ci*yi 


= 0.01344,. 


No 

ti 

mm 

bi 

mm 

Aci 

mm 2 

Fa 

kN 

yi 

mm- 

1 

350 

1750 

612500 

8207.5 

875 

2 

692.4 

400 

276960 

3711.26 

353.8 

Total 

P c =11918.8 



P„ =X F *i + Z F <J =/ ’ I +/, c = 682.2 + 11918.8 = 12600kN 


Md 

kN.m 

7181.56 

1313.05 

8494.61 


M„ = £ M„'+ £ Af ci = 3942.8 + 8494.6 = 12437.4kN.m 

/=! i=l 

Step 3: Conclusion 

Since P U =P„ and M n (12437) > M u (7520) , the section is considered safe ' 

16000 -I------- 

1400 0 - P u @c=15(>0—»^ 14375 . 

12603 . Pu@c=L3j>3..S. ..... 


3 

^ 8000 


P u @c=70® mm- 


Simplified 
■ interaction 
diagram 


Mu (kN.m. 


0 2000 4000 6000 8000 10000 12000 14000 

Simplified interaction diagram for shear wall presented in example 7.12 
1 Calculation for c=1500 was not shown 


319 


7.7 Interaction Diagrams For Circular Columns 

The same procedure used in developing the capacity of rectangular columns is used 
for circular ones. However, the ECP-203 does not permit the use of the equivalent 
stress block in developing circular section capacity. The depth of the neutral axis is 
assumed and the resulting compression zone is a segment of a circle. Since the stress- 
strain curve is parabolic and the width of the cross section varies along the depth of 
the neutral axis, an integration procedure must be followed. In order to calculate the 
compressive force resisted by the concrete, the compressed zone is divided to n 
segments with height t t and width w, as shown in Fig. 7.20. The width of the segment 
w,- is given by 


W; =2-Jh, x(2 r-h,) 


Where h t is the height of the segment from the top 

The corresponding concrete force at the center of gravity of each segment is evaluated 
as follows. 


C c =][>,■ xl. xf d . 

i=n 

where^ is the concrete stress at the c.g of the segment. 



H Ed 



Concrete section strain 



stresses 
anU forces 




concrete 

segment 


-V-" Fig. 7.20 Internal forces and strains distribution in circular columns 

■J The moment of this segment is determined by multiplying the force by the distance to 
the column center of gravity 

lit ■ 


M uc = £ w, x t, x f d x y, 




















Summing all the forces and the moments of all segments gives the total concrete force 
and moments about the column center of gravity. The number of bars in the column 
affects the shape of the interaction diagram. This is because the position of both 
compression and tension steel varies according to bar arrangement with column height 
giving different strain distribution. Therefore interaction diagrams for circular sections 
are computed by assuming a continuous ring. Placing 8 bars in the column or more is 
sufficient to validate this assumption. The interaction diagram is normalized to 
concrete column radius rather than the total area of the column (nr 2 ) as follows 



K 

/„ r 3 


The reinforcement area is obtained by multiplying the column area with the 
reinforcement ratio as follows 


A um, =M^r 2 ) .(7.39a) 

Appendix E contains interaction diagrams for circular column based on the above 
procedure. Example of the developed interaction diagrams is given in Fig. 7.21. 
Similarly, interaction diagrams for hollow circular sections can be prepared as shown 
m Appendix F. The reinforcement area in this case is obtained by multiplying the net 
column area with the reinforcement ratio as follows: 


A s jowi Z 1 A c .(7.39b) 

Ac=*(r 2 -r l 2 ) .(7.39c) 


Where r and r,- are the external and internal radius respectively. 



Photo 7.6 Circular columns during construction 
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Fig. 7.21 Interaction diagrams for circular sections (appendix E) 




















Example 7.13 

Design a circular column to resist the following Straining actions: 
P u =5600 kN 
M u =830 kN.m 

The material properties are as follows: 

fa, =40 N/mra 2 
f y =360 N/mm 2 


800 mm 


Solution 

Since the section is circular and is subjected to eccentric force, use interaction 
diagrams for circular sections. 

D 800 „„„ 

r = — = — = 400 mm 

Calculate the following terms 


P u 5600x1000 
f C u r* 40 x 400 2 


= 0.875 


M u 830xl0 6 
f a r 3 40 x 400 3 


= 0.324 


Assuming 40 mm concrete cover, r'=400-40=360 mm 

# = — = ^0 _ 0 9 

r 400 


Using the interaction diagram with ^=0.9,7^=360 N/mm 2 


i u = / 9 x/ cu xl 0 - 4 =2.5x40xl0' 4 = 0.010 >p Itli „ (0.008).. ...o.k 

A , =/i(;r>- 2 )=0.010x7rx400 2 = 5026mm 2 (20018, 5089mm 2 ) 

Assume that we shall use 8<j>10 stirrups per meter and A sp for <j> 10mm =78.5 mm 2 
The volume of the stirrups in 1 meter equals 

V s = n x A sp x {n x D s ) = 8 x 78.5 x {k x 720) = 1420502 mm 3 

V . = ^^■x —x800 2 x 1000 = 1256637 ron ! < V ...o.k 
s -™" 100 4 










Example 7.14 

1 

- 


Design a spirally reinforced column that is subjected to a normal force of 1100 kN and 
bending moment of 180 kN (factored values). The material properties are as follows: 
feu = 30 N/mm 2 
f y =400 N/mm 2 
f yp = 240 N/mm 2 



1 500 mm i 

* | 440 mm j 

12016 /<^^ =r== SX 

© 



4> 8 /30 mm 

Solution 

Stepl : Estimate cross section diameter 

1 



Interaction diagrams for circular sections is used to calculate the capacity of the spiral 
column by neglecting the contribution of the spiral under eccentric loading.. The spiral 
reinforcement will be added after using the interaction diagram for confinement only. 
Since the column dimension is not given, assume a middle point on the interaction 
diagram such as PJf CM ©=0.9 

| 


(0.01x;rx250 2 =1963 mm 2 

A '** ~ jo.O12 x 7C x 220 2 = 1824 mm 2 

Choose 12 0 16 (2400 mm 2 ) 

1100x1000 „ 

——-r—= 0.9 

30 x r 1 

m 


Step 3: Spiral design 

r=201.8 mm, try r=250 mm and D=500mm 

jj 


The minimum volume of stirrup for spiral column is used to calculate the required 

Step2: Calculate the following terms 



pitch p. 

p u 1100x1000 

, 2 --t— — 0.5866 

f a r 2 30x250 

Wi 


V ■ = 036x^ SL (A - A.) = 0.36x-^-(;rx 250 2 -ttx 220 2 ) = 1993 mm 1 

r sp, mm r v c k / 240 

J yp 

M u 180xl0 6 

——© = -r = 0.384 

f cu r 30x250 3 

Assume concrete cover of 30 mm, r'=250-30=220 min 

•jy| 


Using 8mm spiral with A sp =50 mm 2 

If 


it A D k n x 50 x 440 , . 

F V sp 1993 

^ = © = ^ = 0.88 
r 250 

Using the interaction diagram twice with £,=0.9 and ^=0.8 

Pc=o. 9 = 2 . 3 , and p^=o.s = 2-8 



Use (j) 8 /30 mm 

Pc=o.88 = 2.4 

11 



P = P x fc„ xl0~* =2.4x30xl0- 4 =0.0072<\i wia (0.0\A c or0.012A k ) 

© 
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Example 7.15 

Design a hollow circular core shown below to resist the following straining actions: 
P u = 30000 KN 
M u = 19000 KN.m 

The material properties are as follows: 

/ cu = 30 N /mm 2 . 
f y = 360 N /mm 2 . 



Solution: 

Step No.l: Calculate the following terms: 

Since the core is hollow circular section and is subjected to eccentric force use 
interaction diagrams for hollow circular sections. 



A c =^[(1500) 2 -(1100) 2 ] = 3.27x10 6 mm 2 =3.27m 2 


P u 30000x1000 
feu A c 30x(3.27xl0 6 ) 


M u 19000x IQ 6 

feu A c r 30x(3.27xl0 6 )xl500 


Step No.2: Design of the reinforcement: 

Assuming 40 mm concrete cover, r'=1500-40=1460 mm 


r' _ 1460 
r 1500 


= 0.97 




Using the interaction diagram for hollow circular sections (Appendix F) 

f y = 360 N /mm 2 , C= 0.95, r-Jx = 0.75 
Therefore p = 3 

M = P*fa. x10 ’ 4 =3x30xl0" 4 =0.009>p nlill (0.008). o.k 

Askm = fx(A c ) = 0.009x(3.27xl0 6 ) = 29340 mm 2 (96<F20, 30159 mm 2 ) 

Step No.3: Stirrups design: 

Assume that we shall use 7 <j)10/m' stirrups perimeter and A sp for $ 10 mm = 78.5 mm 2 
The volume of the stirrups in 1 meter equals: 

For outer diameter: 

V s = n xA sp x(;rx/) s ) = 7x78.5x(7rx2920) = 5.04xl0 6 mm\ 

For inner diameter: 

V s = nx/l sj) x(^x£) i ) = 7x78.5x(^-x2 1 20) = 3.66x 10 6 mm } 

■ V =V +V =3.66xlO d +5.04xl0 6 =8.7xl0 6 mm 3 

* ' v s total 9 sinner souter 

V JJ^xA =^^-x(3.27xl0 6 )xl000 = 8.17xl0 6 mm z <V smd ...ok 
>■“ inn c inn 



Note: Since the outer diameter is larger than the inner diameter, about 60% of tre 
reinforcement is assigned to the outer diameter and about 40% of the reinforcement is 
assigned to the inner diameter. 
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7.8 Interaction Diagrams For Box Sections 

The development of non-traditional interaction diagrams is performed for box section 
which is frequently found in building and bridges. The construction of the diagrams is 
similar to those for rectangular sections. It is obvious that the capacity of the box 
section is greatly affected by the area of the internal void. Thus, in developing the 
interaction diagram the thickness of the concrete wall must be specified and is given 
as a ratio from the section width and depth (at and a b) as shown in Fig. 7.22 



Fig. 7.22 Distribution of the reinforcement in box section 


If the neutral axis is inside the top flange, the concrete force and moment can be easily 
evaluated exactly as rectangular sections. However, if the neutral axis is outside the 
top flange the area of the void must be subtracted to obtain the exact area of the 
compressed concrete. The ECP-203 concrete stress-strain curve was used in 
developing the charts. The developed compression force in the concrete C c is 
evaluated by integrating the compressed area with the stress-strain curve and 
subtracting the void area. 

The reinforcement area determined from the interaction diagram is the total area of 
steel and should be uniformly distributed around the cross section and in both sides of 
the section (i.e. each face will have 1/8 of the total area) as shown in Fig. 7.22. 

The interaction diagrams are normalized to the net concrete column area A c rather than 
the total area of the column as follows 



K 

feu A t 


The reinforcement area is given by multiplying the reinforcement ratio with the net 
concrete area A c as follows: 


^sjota! A d c 


(7.40) 


A c =b t -voidarea 

An example of the curves is shown in Fig. 7.23 and the rest is given in Appendix G. 
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Fig. 7.23 An example of an interaction diagram for box section (appendix G) 

























Example 7.16 

Design the box section shown in figure if it is subjected to the following straining 
actions 

P u =9000 kN 

M u =2700 kN.m 

The material properties are as follows 

f cu =30 N/mm 2 

f y =360 N/mm 2 


i 



1000 mm 


Solution 

Interaction diagrams for box sections are used to design the given member. 
Since the thickness of the concrete walls is not given assume a=0.15, thus 
at= 0.15 (1500)=225 mm 
ab=0.15 (1000)=150 mm 



1000 mm 
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The net area of the concrete A c equals 
A c =1500x1000-700x1050 = 765000 mm 2 

P u 9000x1000 _ tot] 
fcu A c 30x765000 

M„ 2700x10* 

f a A c t 30x765000x1500 

From the diagram with f y =360 N/mm 2 , ^=0.95, a=0.15 

p=6.2 

H = px/ cu xlO^ 1 = 6.2 x 30 x HI -4 = 0.0186 

A , =uA =0.0186x765000 = 14229 mm 1 

Choose the area of steel multiple of eight and more than 24 bars 

Choose 56 <t 18 (14250 mm 2 ) 




1000 mm 














Design of Eccentric Sections 



2. Use the eccentric section curves 


7.9 Columns Subjected to Biaxial Bending 

7.9.1 General 

Designing a rectangular cross section for biaxial bending and axial load is a 
complicated process because the direction and the position of the neutral axis are 
difficult to establish. Furthermore, since the strain over the cross section varies linearly 
in both directions as shown in Figure 7.24, considerable computation time is required 
to establish equilibrium. 



Fig. 7.24 Strain distribution for columns subjected to biaxial bending 


The failure surface of sections subjected to biaxial bending is a three-dimensional 
surface as shown in Fig. 7.25. Any combination of P u , M ux , and M uy falling inside the 
surface is considered safe, but any point falling outside the surface is considered 
unsafe. The surface consists of infinite number of interaction diagrams as follows: 

1. Position 1 represents the uniaxial section capacity in x direction in which the 
neutral axis is parallel to x-direction (M u *). 

2. Position 2 represents the uniaxial section capacity in y-direction in which the 
neutral axis is parallel to y-direction {M uy ). 

3. An inclined neutral axis such as position 3 represents the case of column 
under biaxial bending (W m M uy ). 

Another representation can be made by cutting the failure surface with horizontal 
planes called load level. This approach is adopted for preparing the design aids 
presented in the Appendix H of this book. 
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Load 


Position 1 |P'u 


Plane of constant P u 
load contour —_ 
Mux 


^Failure surf ace 

Plane of consta nt 6 



Position 1 


! M u , 


Position 2 




Position 2 


(Position 3 



Position 3 


Fig. 7.25 Failure surface for columns subjected to biaxial bending 


7.9.2 Exact Analysis of Biaxial Bending 

The analysts of sections subjected to biaxial bending is performed using compatibility 
of strains and equilibrium of forces. Defining the neutral axis distance from the origin 
as x NA with an angle <j> as shown in Fig. 7.26. The strain at any steel bar equals to 


s. = 0.003 x: 


where d, = x i sin {</>) + y t cos(^) and the neutral axis distance c equals 

c =x NA sin(^) .( 7 .42) 

It should be clear that a positive strain indicates compression and a negative strain 
indicates tension. The developed stress in each bar equals to 


fsi = E s x^,- = 200,000x£\ = 600 -—- L <^~ 

c r s 


.(7.43a) 


f„ = 600- 


c r s 


. (7.43b) 


The total force in each bar is 


F si = A ,i X /s, 


where A si is the area of each individual bar 
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Fig. 7.26 Stress and strain distributions for a column under biaxial bending 


The moments of the reinforcement M sxh M syl is taken about X and Y axis respectively 
for each bar as 

=F SI xy.(7.45) 


M, yi =F si x Xi ...(7.46) 

The ECP-203 does not allow the use of the equivalent stress block in the computation 
of the capacity of biaxially loaded columns, thus an integration process must be 
performed. The compression zone will be divided into small areas and multiplied by 
the corresponding stress^,-. This procedure is used in a computer program developed 
for the propose of preparing biaxial interaction diagrams. The compressive force 
developed in each concrete segment is given by 

.. ; .- . ; ... ( 7 - 47 ) 

However, the previous procedure is not suitable in hand calculations. For hand 
computations, the equivalent stress block is used. Depending on the compression zone 
shape, it is divided into two or three areas and the developed force in each area equals 



0-67 x/„ A 



(7.48) 
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The moment of the concrete compression force in each segment equals the individual 
compressive force multiplied by the distance from the axis X and Y as follows: 

M oa .(7.49) 

M cyi =7 r ci xx„. ...(7.50) 

The total resultant capacity of the section P u equals to 

P « =Z^' +2X- .(7-51) 

The total forces and moments are assumed to be located at the plastic centroid. For 
sections with symmetrical reinforcement, the plastic centroid coincides with the center 
o gravity. Thus if one needs to calculate the total moments M ux , M uy about any point 

ro -, er / a , n , l . 1C P* ast ‘ c ce ntroid (point o in Fig. 7.26), the moment of the resultant force 
Vu) should be taken into consideration as follows 


= P * *y "(2Xw + 2X„) .(7.52) 

M -y =p u xx .(7-53) 


where x and y are the distance from the plastic centroid to the assumed axes. For 
symmetrical sections x=b/2 and y=t/2. 

It should be noted that the reduction safety factors depend on the eccentricity, and the 
resu ant eccentricity (e/t) is used for the calculations of these factors as shown in Fig. 


where 



(7.54) 


Fig. 7.27 calculation of the eccentricity for a section under biaxial bending 
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Example 7.16 

Calculate the biaxial column capacity for the neutral axis position shown in the figure 
below knowing that: 

f n = 25 N/mm 2 
f= 400 N/mm 2 

■>y mm 



4 <30 28 


Solution 


For the sake of simplicity, tire equivalent stress block is assumed to be valid in such a 
case. The calculation of the capacity can be summarized in the following steps: 

Step 1: Moments due to Forces Developed in the Steel Bars 

c= 825 sin (30) = 412.5 mm 


The strain in the steel equals 


s = 0.003 x 


c-rf, 


0.003 x 


412.5 -d. 


where d, =x i sin(^)+y, cos(i^) =x ( sin(30) +ycos(30) 




di=54.6 mm 
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Positive strain indicates compression and vice versa. The stress in each bar equals: 

/„= 200,000 x ^ £ A 

Ys 

Since most of the section is in compression (e/t is small). Assume e/t=0 27 

'-■“-(FfH 

Thus concrete and steel safety factors equals y s =1.24 and y c =1.6. This assumption will 
be verified later. The area of one bar ® 28 mm equals=615.75 mm 2 
The force in each bar equals 

F a = A s, x /„• = 615.75 x f st 


The moment capacity of the section is calculated by taking the moments of the forces 
about any point (for example point o). The moments of the forces resisted by the steel 
reinforcement M sxi , M syi are taken about X and Y axes. The moment of the resultant 
force P u should be considered since point o does not coincide with the plastic centroid. 


M s» = F ,i *y, 




Bar X! 


mm mm mm 


Total 

*(tension force) 


ed in the steel bars 

F si 

Kxi 

M S yi 

kN 

kN.m 

kN.m 

198.63 

7.95 

7.95 

177.21 

7.09 

63.80 

72.31 

26.03 

2.89 

-71.00* 

-25.56 

-25.56 

377.15 

15.50 

49.07 
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Calculations of moments due to forces resisted by concrete 



shape 

bi 

mm 

CZJ 

400 


400 



Area 

Xci 

yu 

Fa 

Mcxi 

Mcyi 

mm 2 

mm 

mm 

kN 

kN.m 

kN.m 

60044.43 

200.00 

75.06 

628.59 

47.18 

125.72 

46188 

133.33 

227.09 

483.53 

109.81 

64.47 


1112.12 

156.98 

190.19 



Step 3 ‘- Total Forces and Moments in Concrete and Steel 

^, = 2X+IX 

P u = 377.15+1112.12 = 1489.27 kN. 

Since the section is symmetrical, the plastic centroid coincides with the c.g. Thus the 
location of the section compressive force P u ( the resultant) is at 200 mm from both X 
and Y axes. Since the moment is not taken at the plastic centroid of the section, 
contribution of the P u must be taken into consideration, thus the total moments about 
point o equals 

M m = P u X y - (z ■ M sxl + Y, M 0,1 ) 

M uy = P u xx-fcM„ i + X M,yi ) 

M m = 1489.27 x 200/1000 -(15.50 +156.98) = 125.36 kN.m 
M u) , = 1489.27 x 200/1000-(49.07 + 190.188) = 58.6 kN.m 
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7.9.3 Minimum Eccentricity for Biaxially Loaded Columns 

The Egyptian code states that for columns subjected to biaxial bending, the moment 
applied on either direction can be neglected if the eccentricity caused by this moment 
is less than code minimum eccentricity of 0.05 t or 20 mm. The column in such a case 
will be designed as if it is subjected to a uniaxial bending as shown in Fig. 7.28. 




Photo 7.7 Eccentrically loaded columns in a multi-span concrete bridge 


e.< 0.05 b 


e.< 0.05 b 


e,> 0.05 b 


Design for P u only 
Neglect M ux and M„ 


Design for P u , & A4, Design for P u & M 


Neglect M, 


Neglect M, 


Fig. 7.28 Minimum eccentricity requirements for biaxially loaded columns 
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Example 7.17 

Determine the reinforcement required for 
a column subjected to biaxial bending with 
the following data: 

P u = 960 kN M, 

f cl = 25 N/mm 2 
f y = 360 N/mm 2 


M ux =480 kN.m 


M uy =12 kN.m 


700 mm 


300 mm 

Solution 

The minimum eccentricity in each direction is the bigger of 0.05 of the column 
dimension and 20 mm 

e . =0.05x—= 0.015 m (or0.02m) e,. min = 0.05x-^- = 0.035 m 

Jt.tnm 1000 10UU 

e = ^ = — = 0.0125 m <e x mj „, neglect M uy 
x P 960 


_ 480 
P ~ 960 


= 0.5 m >e y , min Design for M m 


Thus design as if the section is subjected to uniaxial bending P u , M w 


960 x 100 0— _ 0 183 


f a bt 25x300x700 


_ 480 x 1(T_ 

f bt 2 ~ 25 x 300 x 700 2 

J cu ^ 


= 0.1306 


Using interaction diagram with {=0.9 f y =360 N/mm 2 , a=l(top and bottom) 
p = 2.7 

j u = py.f cu xlO -4 = 2.7x25x10-= 0.00675 


A s = pbt = 0.00675 x 300 * 700 = 1418 mm 2 (3 d>25) 
A[ =A S =1473w/7! 2 

Please note that the two <5 16 is added to 
satisfy code spacing requirement. 


3 0 25 


2 0 16 


3 0 25 


300 mm 
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700 mm 




























7.9.4 Biaxial Interaction Diagrams 

The design of sections subjected to biaxial bending can be greatly simplified by using 
interaction diagrams. The horizontal plane (constant load level) is the chosen 
representation of the failure surface. A computer program was prepared to carry out all 
the required calculations. The program can be summarized in the following steps 

1. The neutral axis is first assumed with certain inclination angel <j), the forces 
and moments in the reinforcement steel are evaluated. 

2. The force in the concrete is determined' through the integration of the 
idealized concrete stress strain curve (not the equivalent stress block) with the 
compressed area. 

3. A trial and adjustment procedure is performed by changing the neutral axis 
inclination and/or position until the equilibrium is achieved. 

4. Having determined the desired load level, moments are evaluated and a point 
in the interaction diagram is plotted. 

5. For the same reinforcement index (p) and load level R b , several neutral axis 
positions are assumed and the corresponding bending moments are plotted 
forming a curve on the interaction diagram. 

6. The area of the steel determined from the charts and should be uniformly 
distributed along the cross section. 


7.9.5 The use of Biaxial Interaction Diagrams 

The use of biaxially interaction diagrams (refer to Fig. 7.29 and the appendix H) can 
be summarized in the following steps. 


1- Evaluate the load level R b using the following equation 

P 


R, 


fa,bt 


2- Calculate the non-dimensional biaxial moments quantities 
M.„ . M,„ 


feu b t 1 


and 


feu* b 2 


3- Locate the reinforcement index p from the required load level chart using the 

previous non-dimensional moments. If the desired load level is not 
available, use interpolation to find p using charts of higher and lower value. 

4- Calculate the total area of steel using the following 

M = pxf cu x 10^ 

^s.rornl ~ P b t 

This area of steel should be distributed uniformly (uniform in area) along the 
cross section perimeter. There should be at least three-four bars in each side 
of the column to ensure uniformity - 
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A computer program was prepared to carryout the computations required to construct 
the biaxial interaction diagrams. An example of the developed interaction diagrams or 
to“oa<l cotam is Thown in Fig. 7.29. He rest of the desrgn rods » g.ve» m 

Appendix H. 



Fig. 7.29 Interaction diagram for biaxially load columns (appendix H) 
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sg; ^ 



Step 2: Calculate reinforcement area 

Since the desired load level R b =0.228 is not available in the biaxial interaction 
diagrams (see Appendix H;//=360 N/mm 2 , (=0.8), interpolation is performed between 
R^O.2 and Rb=0.3 


Rb=0.20 

Rb=0.30 


p =5.0 

• p =6.8 


Interpolating for Rb=o .228 


• p =5.5 


p = p f cu 10 -4 = 5.5 x 35 x 10- 4 =0.0193 >p mto (0.008) and < iw(0.04) 
A s>tota | = p b t = 0.0193 x 250 x 600 = 2895 mm 2 =28.95 cm 2 
Choose 12 18. 


A S /4 = 4<D18 
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7.9.6 ECP-203 Design Procedure for Biaxial Bending 

The calculation procedure for sections subjected to biaxial bending is laborious. Many 
esign codes including the Egyptian code adopt the use of the simplified methods for 
designing members subjected to biaxial bending. 

The approximation used in the ECP-203 is to assume that the interaction curve can be 
represented by two straight lines. Then, transferring the two applied biaxial moments 
into one magnified ( increased) uniaxial moment either M' x or M' y depending on the 
ratio of the applied moments and the load level. Fig. 7.30 shows the ratio between the 
section capacities in each direction. 



b 


Fig. 7.30 Developemtn of the ECP-203 design method 
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The angle X can be calculated as 


M[ M x 

tan X = a *',~- £- .(7-55) 

M y 

b’ 

where M x is the design moment, and M' x is the magnified.moment 


Defining P as tan X gives 



The previous equations are the basis of the code-simplified equations, in which the 
value of the factor p was determined from the comparisons with the biaxial interaction 
diagrams. 



Fig. 7.31 Load contour for different reinforcement ratios and load levels. 
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Fig. 7.31 shows that for the same reinforcement ratio, the moment capacity for 
columns with low load level is more than the moment capacity of columns at higher 
load levels (above the balanced point). Also, the angle X differs from one load level to 
another, and a constant value cannot be used. Thus, using X determined from high load 
level (R b =0.5) will lead to unconservative values of M' x for load levels near the 
balanced point (R b =0.2) (point A instead of point B). The actual variation of P (tan X) 
with load level is nonlinear. However, the code approximates the relation with a 
conservative straight line given in Table 7.2 or the following equation. 

P = 0 . 9 -^- > 0.6 

2 .(7.59) 

< 0.8 


Table 7.2 Values of P for different load levels 



Figure 7.32 represents the actual values of P determined from the strain compatibility 
method versus the code approximate values. It can be seen that code value will yield 
always a conservative design than using the interaction diagrams. The average area of 
steel using the simplified method is about 10-20 percent higher than the actual vales as 
shown in Fig. 7.32. However, better accuracy can be hardly obtained from such a 
simplified design method 


0.9 

0.8 

0.7 

P 0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 


Fig. 7.32 Comparison among actual and code values for P 
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Design steps for biaxially loaded columns with uniform reinforcement 


1- Calculate the applied load level using 

R b = ■ 

f'b a 

2- From Table 7.2 or Eq. 7.59 determine p factor, use interpolation if required 

M, M v nfa'\ 


if - j-> —g~then M' x =M X + P\jpjM y 

if —f~ ^ -j-then M' =M +J3 <c~r)M x 
a b a 

3- Locate a point on the uniformly distributed steel uniaxial interaction diagrams using 


aim v s , 2 r .1 

feu ba fcu ba fcu ab 


4- Calculate the total area of steel by determining the reinforcement index p 
A = px/ c „x 10- 4 

■^sjotal ~ Rb t >A smin 

This area of steel should be distributed uniformly (uniform in area) around the cross 
section perimeter. There should be at least 3—>4 bars in each side of the column to ensure 
uniformity as shown in Fig. 7.33. 
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Example 7.19 

Design a comer column in a braced building if it is subjected 
P u =1620 kN 

e x = 0.068 m 

e y = 0.2345 m 

The material properties are 

feu =30N/mm 2 P..=16; 


f y =280 N/mm 2 


P„=1620 kN 


’ e x =0.068 m 




Solution 

column dimensions are not given, assume load level of 0.3 and assume 
column width of 250 mm. Thus; 

P u _ 03 .... 1620x1000 

fj> t ' 3o"x250x7 

t=720 mm 

Try a column with 250x750 mm 

Determine the actual load level R b using the following equation 

d _ p u 1620 x 1000 

feubt 30^2507750 “ 0,288 

_ 1 anc * usin 8 interpolation between R|,=0.2 and R b =0.3, or directly use 

Eq. 7.59 

/? = 0.90-^ = 0.90-°^ = 0.756 
2 2 

Calculate the applied moments using the given eccentricities 

= P u - e r = 1620 X 0.2345 = 380 kN.m 
M r = !> u - e , = 1620 x 0.068 = 110 kN.m 

onciete cover - 30 mm, and the distance from the centerline of the 
reinforcement to the concrete surface 45mm 
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a' = 750 - 45 = 705 mm 


b' = 250- 45= 205 mm 

Since M x /a'= (380/705) > (M y /b') =(110/205), the design moment will be taken about 
x. Using Eq. 7.57 gives 

M' = M X = 380 + 0.756 110 = 665.99 kN.Jti 


M' x _ 665. 99 x 10 6 
f bt 2 ~ 30 x 250 x 750 2 

J cm 


= 0.158 


750 2x jj. = 088 
s 750 

Using uniaxial interaction (uniformly distributed steel) f y = 280 N/mm 
Since C= 0.88 use interpolation 

For £=0.9 p =14.0 
For Q=0.8 p =16.0 

Therefore for C= 0.88 —> p=14.4 
H = 14.4 x 30 x 10^= 0.0432 > p™„(0.008) and <iw(0.06) 

A s . loa i = P b t = 0.0432 x 250 x 750 = 8100 mm 2 

The number of bars should be the multiple of 4, thus choose 16 4 28. 

The bars are distributed equally on the four sides. 


16 <j> 28 



6 <b 8 /m' 


250 mm 
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7.9.7 Biaxial Bending in Unsymmetrically Reinforced 
Sections 

Sections with unsymmetrical reinforcement are often encountered in shear walls 
beam-columns and columns with high rectangularity ratio. From the cost-effectiveness 
point of view, placing the reinforcement in the direction of the large moment is more 
efficient. Thus, the ECP 203 provides a simple method for designing biaxially loaded 
sections in which the steel is not uniformly distributed. 

This simplified method is based on magnifying the applied moments by a moment 
magnification factor. The magnification factor a b was introduced to modify the design 
moments in both directions according to the load level and the ratio of the applied 
biaxial moments. The magnification factor <x b was evaluated after the examination of 
ttie exact solution of the unsymmetrical interaction diagrams' ( as the one shown in 
Fig. 7.34). The code permits the use of this simplified method until a fairly high load 
level of R h <0.50 given by Eq. 7.60a. If Rb>0.5, biaxial interaction diagram with 
uniform steel or the simplified method (7.9.2) may be used. The magnified moments 

and Y ’ axes; M x and M V are modified by the same factor ct b provided that 
(P If h fl ^ <0 QO 


(P u If a, b a) <0.50 as follows: 

Rb = fj~a . (7 ' 60a > 

M 'x= a b M x .(7.60b) 

M ' y =a b M y .(7.60c) 



Fig. 7.34 Biaxial interaction diagram for unsymmetrically reinforced sections (1) 
' Developed by the authors 
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The uniaxial bending interaction diagrams (top and bottom steel only-Appendix B) is 
used twice to calculate the area of steel for each direction. 

This approach is easy to use in routine calculations and yields approximately the same 
results obtained through the interaction design curves for biaxially loaded members 
with unsymmetrical reinforcement. The suggested values of a b are given in Table 7.3. 
It can be noticed that the values of the coefficient a b are symmetrical about 
(M x /a')/(My/b') =1 (case of uniform steel). It can also be noticed from Fig. 7.35 that the 
general practice of designing rectangular reinforced concrete beams subjected to pure 
biaxial bending (Rb=0) twice by using the design moments M x and M y without 
magnification (a b =l) is valid. However for sections subjected to biaxial bending with 
normal force this assumption will yield unconservative results, as the design bending 
moments need to be magnified. 



Fig. 7.35 Actual values of a b for rectangular cross sections 
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Table 7. 3 values of a b for rectangular cross sections 


'^^ | Va , )/(Myb') 

Rb=P„/ 

oO 

3 

2 

1 ; 

0.5 

0.33 

0 

Rb- 0.1 

1 

1.2 

1.25 

1.30 

1.25 

1.20 

1 

R b =0.2 

1 

1.35 

1.50 

1.75 

1.50 

1.35 

1 

R b =0.3 

1 

1.25 

1.35 

1.4 

1.35 

1.25 

1 

R b =0.4 

1 

0.95 

0.95 

0.95 

0.95 

0.95 

1 

R b =0.5‘* 

1 

0.65 

0.70 

0.75 

0.70 

0.65 

1 


* This is a case of M y =0. For cases in which M y does not equal to zero, value of 10 is 
sufficient for interpolation 

** if R b >0.5, biaxial interaction diagram with uniform steel or the simplified method 
(7.9.2) may be used 



Photo 7.8 Biaxially loaded corner column in court house 


^thtnsyntm® trical 


Design Steps for biaxiaiiy loaded columns 
reinforcement 

1- Calculate the applied load level and moment ratio using 

D Pu . A 

R, - - and —-— ~T' ! 

f ~ ba y • fequired 

2- From the table determine a b factor R h <0.50 , use interpolati 

M 'x =«4 M x 

M; =a h M y 

■ the reinforcement 

3 . Use Top and bottom s teel interaction diagrams twic e to det 
index p, calculate the total area of steel. 

Usine and - P \ - determine /i, = px/« xl ° 


Using——y and —determine p, 

5 feu a b 1 f“ ba 
^*x_ = fi x b t and -jj- = p y b t 


= px/ tu xl ° 


2 2 te d at the opposite face 

The area of steel determined for each direction should be duplica 
as shown in Fig. 7.36. The total area of steel equals 

A uoml =A sx + A s) , = 2<ji x +M y ) b “ 



0.67 feu 


A S y/2 K |y~ 


Fig. 7.36 Analysis of sections with unsymme 


trical reinforcement 















Example 7.20 . 

Determine the iinsymmetrical reinforcement required for a short interior column 
subjected to biaxial bending with the following data: 

Column size 300 x 800 mm 


=1440 kN 
= 580 kN.m 
=120 kN.m 
= 30 N/mm 2 
= 400 N/mm 2 


Mux= 580 kN.m 


M uy =120 kN.m 


Solution H 

300 mm 

Step 1: Calculate the magnified moments. 

Assuming concrete cover 40 mm, thus 
a'=800-40=760 mm 
b'=300-40=260 mm 
Calculate 

MJa' 580/760 
M v tb' 120/260 65 

R P “ 1440 x 1000 
6 f cu ba 30x300x800 “ 0-20 A 


Note that the comer bar is 
divided between x and y 
directions 


o g o 

< S> iS 
I Jl ^ 

03 


_Asy/2__/ j < 
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From Table 7.3 in this text and by using interpolation ctb-1.587 


» 3 2 1 

I_L_ 


R b - 0.1 


R 


R b =0.3 


R b =0.4 


R b =0.5** 




VL58/; 




0.33 

1.25 

1.20 

1.50 

1.35 

1.35 

1.25 

0.95 

0.95 

0.70 

0.65 


M' x = Mux ■ cib = 580 (1.587) = 920.2 kN.m 

M' y = M uy . a„ = 120 (1.587) = 190.4 kN.m 
Calculate the non-dimensional quantities: 


M' x 920.2x1000x1000 
f eu b a 2 ~ 30 x 300x 800 2 

M' y 190.4x1000x1000 
f a a b 2 30 x 800 x 300 2 

_ 800-2x40 _ 0 9Q 
ha 800 


= 0.159 


= 0.088 



250-2x40 


0.685*0.70 


Using the regular uniaxial interaction diagrams with symmetrical reinforcement top 
and bottom (f y =400 N/mm 2 , a=l) 

Step 2: Area of steel for M' x 

r =0 9 —— = 0 . 20 , —---— = 0.159, the reinforcement index (p x ) equals 
^ ’’Luba ’ f m b a 1 

Px = 3.4 

Px = P x feu 10 ” 4 = 3.4 x 30 x 10 4 = 0.0102 
A=A' S =AJ2 

(AJ2) = p x b a = 0.0102 x 300 x 800 = 2448 mm 2 (@each side) 
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Step 3: Area of steel for M' y 

P M' 

Cb =0.7, —-— = 0.20,- > — = 0.088, the reinforcement index (p y ) equals 

feuba f cu ab 2 

p y = 1.6 

p y = Py 10" 4 = 1.6 x 30 x KF 4 = 0.0048 

(A sy /2)= jiy b a = 0.0048 x 300 x 800 =1152 mm 2 (@each side) 

Step 4: Final design 

A s , mi „ = 0.008 x 300 x 800 = 1920 mm 2 
A s>tota , = A sx + A sy = 2 (2448 + 1152) = 7200 mm 2 > A s , min 
A 7700 

H = =-— = 0.03 <(u max =0.04 for interior column) 

bxd 300x800 

(choose 12 0 28, 7389 mm 2 ) 

Note : The comer bar is divided between x direction and y direction 
[A sx /2 = 5 cD 25 (2454 mm 2 ), A sy /2= 3 cD 25 (1473 nun 2 )) 


5 ^ 25 ' 



5#25 


3#25 


7.9.8 Circular Columns under Biaxial Bending 

Biaxial moments applied to circular sections can be transformed into equivalent 
uniaxial bending. This procedure is possible because the bending strength of circular 
columns is the same in all directions due to the complete symmetry of the section. 
Thus the design of a circular column subjected to biaxial bending (as the one shown in 
Fig. 7.37) is the same as the one subjected to uniaxial .bending but with a resultant 
uniaxial moment equals 




Fig. 7.37 Circular sections under biaxial bending 

The previous procedure is valid in case of using almost uniform steel distribution. Ihe 
use of at least 12 bars is considered sufficient to ensure uniformity. 
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Example 7.21 

Design a circular column in a braced building if it is subjected to: 
P u =560 kN 
M ux =275 kN.m 
M uy =140 kN.m 

The material properties are 
f cu =25 N/mm 2 


=240 N/mm 2 


M uy =140 kN.m 


—h M ux =275 kN.m 


D=600 mm 


Solution 

The column is subjected to biaxial bending moments. It can be designed to withstand a 
resultant moment M u 


M u = V275 2 +140 2 = 308.58 kN.n 


Assume concrete cover of 30 mm 
^300-30 
r 300 


P u 560x1000 
fa, r 2 25x300 2 


= 0.2489 


M u 308.58xl0 6 
f ca r l ~ 25x300 3 _ °' 457 


M„=308.58 kN.m 



D=600 mm 
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Using interaction diagrams for circular sections (Appendix E )f y - 240 N/mm 2 , 0.9 

p=6.8 

M = Pfcu xl0 ‘ 4 =6.8x25 xlO -4 =0.017 >p m k (0.008) and < p ma x (0.04) 

A smd =fiftr 2 = 0.017x7rx300 2 = 4806mm 2 
Choose 16 <j> 20 


6j>10/m' 



D=600 mm 


Reinforcement detail 


Assuming that the lateral reinforcement is 6 i))10/m', thus the volume of the stirrups V s 
equals (Ab tt i 0 )=78 mm 2 ): 

V s =n7tx.D k A h =6x^x550x78 = 808645 mm 3 


V . = — x-x D 2 x 1000 = ^x-x600 2 x 1000 = 706858 mm 1 <V S . o.k 

sjmn 100 4 100 4 


364 











7.9.9 Interaction Diagrams for L-Sections 

L-section columns are often encountered in the comers of buildings. Most of these 
columns are subjected to bending in addition to the normal force. Since L-sections are 
not symmetrical about either axis, evaluating their strength is very complicated and 
time consuming. In addition, the eccentricity of the applied load with respect to the 
local axes affects the resistance of the section. Developing interaction diagrams for In¬ 
sertions is a design tool without any approximations. The construction of the 
interaction diagram for L-sections is similar to that for rectangular columns subjected 
to biaxial bending, but the neutral axis has to be assumed in one of four positions as 
shown in Fig. 7.38. 

The developed charts are limited to columns that are symmetrical about a 45° axis as 
in Fig. 7.38. Furthermore, the width of the column b is defined as a ratio from column 

height & =—. 



Fig. 7.38 Different positions for the neutral axis in L-sections 

The load level is determined by normalizing the applied compressive force with the 
net concrete area A c , 



(7.62) 


A c = bxt +b(t -b) = 2xt xb - b 2 .;.(7.63) 
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Example 7.22 

Determine the area of steel required for an L-shape reinforced concrete column that is 
subjected to the following straining actions: 

P u =950 kN 
M ux =180 kN.m 
M uy =115 kN.m 

The material properties are as follows: 

f cu =25 N/mm 2 i 

f y =360 N/mm 2 ! 

M uy =115 kN.m 



Solution: 

Calculate the area of the concrete section A c 

A c = 500 x 250+ 250 x 250 = 187500 mm 1 

b 250 . , 

X =- = — = 0.5 
' / 500 

Note that the direction of the given moments will produce a compression in zone 1, 
thus the normal force will be as shown in figure. 

Calculate the following terms 




950x1000 


f cu A c 25x187500 


= 0.202 


M m _ 180x1000x1000 = Q Q76g 


f A t 25x187500x500 

J cu * c 


M v = 115x1000x1000 = Q Q49 


f m A c t 25x187500x500 



Mux=180 kN.m 


Referring to chart (in Appendix I) with R b -0.2, 7.-0.50, C-0.85 the compression zone 
in the first quarter of the chart, the reinforcement index p can be obtained as follows 



p = 10.2 

p = p f cu 10' 4 = 10.2 x 25 x 10- 4 =0.0255 

A*to*, = p Ac = 0.0255 x 187500 = 4781.25 mm 2 

The area of steel should be at least 8 bars and should be a multiple of 8 

Areaof one bar =^Z|i = 299 mm 2 
16 

As,chosen” 16 4> 20, 5026 mm 2 
















SLENDER COLUMNS 


Photo 8.1 Unbraced slender columns at Rice University,* USA. 

8.1 Definition of Slender Columns 

Consider a very short column subjected to increasing axial load, eventually the 
compressive stress is exceeded and compression failure occurs. Now consider a 
relatively slender column subjected to increasing axial load, when the load reaches a 
certain value, the column begins to bend about its weaker axis and deflect laterally. 
The column is said to have buckled. 

For a pin-pin ideal column (without any imperfections) the buckling load (also called 
Euler load) is given by 

k 2 (EI) n 


in which El is the flexural rigidity and L is the ’column length. 









Thus, a column is more likely to buckle when either the length (L) is increased or the 
flexural rigidity (El) is reduced. Up to Euler load, for a perfectly straight member, the 
column is stable without any lateral deformation. However, at Euler load, the column 
will be at bifurcation “ unstable ” equilibrium, in which it will buckle laterally with 
indeterminate magnitude. The previous behavior is applied for perfectly straight 
column, which almost does not exist in reinforced concrete industry. Columns will not 
be exactly vertical and loads are always slightly eccentric. 

Figure 8.1a shows a pin-ended column before loading. Assuming that the column is 
loaded at an eccentricity e, then it will laterally deflect by an amount S as shown in 
Fig. 8.1b. This lateral deflection increases the moments for which the column must be 
designed. In the symmetrically loaded column shown here, the maximum moment 
occurs at mid-height where the maximum deflection occurs. 

The moments at the ends of the column are: 



Fig. 8.1 Straining actions for a deflected column 


M e =Pe ..'..(8.2.a) 

For equilibrium, the internal moment at mid-height must be 


M = P (e +8) .(8.2.b) 

A slender column is defined as a column that has a significant reduction in its axial 
load capacity due to moments resulting from lateral deflections of the column. 



Figure 8.2 shows an interaction diagram for a cross-section of a reinforced concrete 
column. This diagram gives the combinations of axial load and moment, which are 
required to cause failure of a very short column. The dashed radial line O-A is a plot 
for the end moment on the column in Fig. 8.1b. Since the load is applied at a constant 
eccentricity, e, the end moment, M e , is a linear function of P, as given by Eq. (8.2.a). 
The curved solid line O-B is the moment M c at mid-height of the column, given by 
Eq. (8.2.b). At any given load P, the moment at mid-height is the sum of the end 
moment, Pe, and the moment due to the lateral deflection, PS. The line O-A is referred 
to as a load-moment curve for the end moment, while the line O-B is the load-moment 
curve for the total column moment. If the column is slender, failure occurs when the 
load-moment curve O-B intersects the interaction diagram for the cross-section at 
point B as shown in Fig. 8.2. Because of the increase in maximum moment due to the 
secondary moments, the axial load capacity is reduced from A to B. This reduction m 
axial load capacity results from what are referred to as slenderness effect. Since 
failure still occurs at one of the points of the interaction diagram, it is called material 
failure 

For very slender columns, failure occurs well within the cross-section interaction 
diagram because of the pronounced second-order effect (slenderness effect). This type 
of failure is called stability failure. In this type of failure, the collapse load of the 
column (point C) is less than the actual material given by the interaction diagram. 



Fig. 8.2 Loads and moments in short and slender columns 
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8.2 Classification of Buildings 

The Egyptian Code ECP classifies concrete structures as being braced or unbraced. 

Many concrete building structures are braced by providing shear walls, cores, or 
elevator shafts. The stiffness of these elements is considerably higher than the 
columns themselves and may be assumed to attract all horizontal forces (Fig. 8.4a). 


An unbraced building is the one that resists the lateral loads by the framing action of 
the beams and the columns or that is provided with flexible shear walls (Fig. 8.4b) 
According to the ECF-203, a building that does not contain shear walls is considered 
unbraced. 


According to the Egyptian Code, a building that contains shear walls or cores that 
extend the full building height can be considered braced at a certain direction if they 
were symmetrically distributed and satisfy the following equation: 



< 0.60 


for n > 4 


(8.3a) 


< 0.20+0.1/z for n <4 .(8.3b) 


where 


H b - height of the building in meters above foundation 

N — sum of all unfactored vertical loads of the building (total working gravity 
loads) 

H EI = sum of the flexural rigidities of all the vertical stiffening elements 
under service conditions, 
n = number of stories. 

E =4400^ 

It should be mentioned that a building can be considered braced in one direction and 
unbraced in the other depending on the distribution of the walls on plan. Fig 8.4 shows 
examples of braced and unbraced structures. To check the bracing of a building in the 
two directions, one has to calculate the values a x and a y as follows: 



(bracing in x-direction) 


(8.3c) 



(bracing in y-direction) 


(8.3d) 


Example 8.1 illustrates the application of the above equations 
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Types of R/C Buildings 



m 


■■ 

Hmiai 



Fig. 8.3 Classification of buildings according to ECCS 203 









Stiff shear walls 



(a) No shear walls or core) ( b ) (shear walls system) 

Unbraced structure Unbraced in Y-direction 

Braced in X-direction 



(c) shear walls system W shear wa " s+co re s V stem 

Braced structure in X&Y directions Braced structure in X&Y directions 

Y 

ii 

-*- X 

Fig. 8.4 Examples for braced & unbraced structures 
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8.3 Braced and Unbraced Columns 


Columns located in braced structures are referred to as braced columns. Columns 
located in unbraced structures are referred to as unbraced columns. 

Eccentrically loaded braced slender columns are subjected to additional moments due 
to the fact that the center-line deviates from the original verhcal (un-defomred) shape. 
This is called additional moments due to member stability effect (Fig. 8.5a). 

Unbraced columns are subjected to additional moments due mainly to lateral drift 
effect which occurs due to the fact that each story is laterally shifted with respect to 
the one below (Fig. 8.5b). Member stability effect still exists but has a minor effect, 
fshTu be noted that member stability effect results in additional moments braced 
slender columns. On the other hand, lateral drift effect results m additional moments 
in unbraced short columns as well as in unbraced slender * colum n s ; ^braced 
slender columns, however, member stability effect might increase the addition 

moments. 


Relative displacement 
between column ends 



a) Braced column b) Un-Braced column 


Fig. 8.5 Braced and unbraced columns 
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Table (8.1) Limits of Slenderness Ratio for Short Columns 


8.4 Slenderness Considerations in the Egyptian Code 

This section outlines the procedure adopted by the Egyptian Code for slenderness 
consideration. 


8.4.1 Code Definition of Slender Columns 

The degree of slenderness is generally expressed in terms of the slenderness ratios 


or 


in which 


and 



(8.4.a) 



(8.4.b) 



(8.5) 


H e =kH„ 


( 8 . 6 ) 


where 

H<. = the buckling length or the effective height of the compression member, 
b = the column dimension perpendicular to the axis of bending, 
k = length factor which depends on the end conditions of the compression member 
as well as the bracing conditions. 

H 0 = unsupported (clear) height of the compression member. 

i = the radius of gyration of the cross section and can be taken as 0.3 b for 
rectangular section and 0.25 D for circular section. For other shapes, I may be 
computed for the gross concrete section. 

According to the Egyptian Code, slender columns are defined as those that have 
slenderness ratios greater than those mentioned in Table (8.1) but not more than those 
mentioned in Table (8.2). The minimum area of steel for slender column is given by 


=M^xbxt .(8.7a) 

Mmin =0-25 + 0.052 \ (for rectangular columns) .(8.7b) 

= 0.25 + 0.015 A i (for other columns) .(8.7c) 


Column Status 

2/ or A b 

X D 

* 

Braced 

15 

12 

50 

Unbraced 

10 

8 

35 


Table (8.2) Limits of Slenderness Ratio for Slender Columns 


Column Status 

4 t or Ab 

X D 

4 

Braced 

30 

25 

100 

Unbraced 

23 

18 

70 


8.4.2 Unsupported Height of a Compression Member (H„) 

The unsupported height H 0 of a compression member shall be taken as the clear 
distance between floor slabs, floor beams, girders or other members capable of 
providing lateral support for the compression member. Where capitals or haunches are 
present, the unsupported length shall be measured to the lower extremity of the cap tal 
or haunch in the plane considered (see Fig. 8.6). It should be noted that the buckling 
he different in X-direction than Y-direction as shown in Fig. xx 



a) Slab-beam type b) Flat plates 



c) Flat slab with 
columns heads 


Fig. 8.6 Unsupported length of columns (H 0 ) 
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8.4.3 Effective Height of a Compression Member (H e ) 

Columns supported by hinges and rollers do not exist in real structures. The ends of a 
real column are retrained against rotation by their supports, and moments always 
develop. The effective length concept can be established by examining the 
deformation of the buckled column with that of a pin-pin column. 

The buckling length or the effective height of a compression member (H e ) is the 
distance between the points of inflection of the diagram representing the buckled 
shape of the member. It depends on the end conditions of the column and whether it is 
braced against side-sway or not. 

The definition of the effective height is illustrated in Figs. 8.7a and 8.7b for braced 
and unbraced columns, respectively. 

For braced columns, k is the smaller of: 


k =[0.7+0.05 («,+ a 2 )] < 1.0 .( 8 - 8a ) 

k = [0.85 + 0.05 (« mi „)] < 1.0 .( 8 - 8b ) 

For unbraced columns, k is the smaller of: 

k = [1.0+0.15 (a,+a 2 )] S 1.0 .(8.9a) 


*= [2-0 +0.30 («_,„)] > 1.0 . 

where 

a\, a 2 = Ratio of the sum of the column stiffness to the sum of the beam 
stiffness at column lower and upper ends respectively 

a m in = Smaller of a\& a 2 
The coefficient a is given by 

„ IK LJEA 

- £(£* iJL b ) . 


(8.9b) 


( 8 . 10 ) 
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Where 


E c = modulus of elasticity for columns 
E b = modulus of elasticity for beams 

I = gross moment of inertia of the column cross-section without considering the 
steel reinforcement 

I — gross moment of inertia of the beam cross-section 
l = clear span of the beam 

H a = clear height of the column 

Special cases 

- a=1 0 for a column connected to a base designed to resist column moment. 

- a =io for a column connected to a base that is not designed to resist moment. 

- «=1.0 for simply supported beams framing into a coluPmn. 

Notes : 

- When calculating the flexural rigidity of the beam cross-section that has a T shape or 
L shape, the width of the flange is taken as follows 

B is the smaller of (l6i, +b)/2 or (L.j5 + b)/2 for a T-section 

B is the smaller of (6r t +b)/2 or (L 2 /\0+b)/2 for a L-section 

The Egyptian Code permits the use of the gross moment of inertia of the beam section 
and allows taking the effect of cracking of the beam through using half the value of 
the gross moment of inertia of the beam section. 

- The ratio (a) may be calculated in flat slab construction on the basis of an 
equivalent beam having the width and the thickness of the column strip of the slab 
in the direction of analysis. 

As a simplification, the Egyptian Code gives the values of the factor (k) for , case * 
of end restraint condition. The values of (k) are given in Table (8-3) for braced 
columns and in Table (8-4) for unbraced columns. 
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Table (8-3) Values of (k) for Braced Columns 


End condition at top 

End condition at bottom 

1 

2 

3 

1 

0.75 

0.80 

0.90 

2 

0.80 

0.85 

0.95 

3 

0.90 

0.95 

1.00 


Table (8-4) Values of (k) for Unbraced Columns 


End condition at top 

End condition at bottom 

1 

2 

3 

1 

1.20 

1.30 

1.60 

2 

1.30 

1.50 

1.80 

3 

1.60 

1.80 

- 

4 

2.20 

- 

- 


The four conditions are as follows: 

i) Condition 1: The end of the column is connected monolithically to 

beams that are at least as deep as the overall dimension of the column 
in the plane considered. Foundation designed to withstand moments is 
considered in this category. 

ii) Condition 2: The end of the column is connected monolithically to 

beams or slabs that are shallower than the overall dimensions of the 
column in the plane considered. 

iii) Condition 3: The end of the column is connected to members which, 

while not specifically designed to provide restraint to rotation of the 
column, nevertheless, provide some nominal restraint (hinged base). 

iv) Condition 4: The end of the column is unrestrained against both 
lateral movement and rotation (i.e cantilever column). 

Note: The unsupported height of the column might be different in the two orthogonal 
directions (X- and Y- directions). Figure 8-8 shows an example for such a case. 
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8.5 Design Moments in Slender Braced Columns 

The Egyptian Code takes into account the increase in the applied moments in slender 
columns^by adding to the original moment an additional moment. The additiona 
— is .aimed to occur due to interaction of the appiied load w.th the lateral 

deflection of the column. 

8.5.1 Calculation of the Additional Moments 

According to the Egyptian Code the additional moment (M lM ) induced by the 
deflection (S ) is given by: 

** = ™ . <8 - u) 

Figure 8.9 illustrates a case of a rectangular column subjected to additional moments 
in two directions. 



b 

Fig. 8.9 Calculations of additional moments 
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For circular columns of diameter (D) 

8 .(8.16) 

2000 

For columns with a general shape 


where 
t' 

h 

8.5.2 Design Moments 

Assume a braced slender column subjected to two end moments Mi and M 2 and the 
is the larger of the two end moments. Figure (8.10) shows the distribution of 
moments assumed over the height of a typical braced column. M ( - is the initial 
moment at a section located near the mid-height and is calculated from: 

M ( = 0.4A/, +0.6M 2 > 0.4M-, .(8.18) 

For columns subjected to double curvature, the sign of the moment is taken negative. 
The design moment for braced columns is taken as the largest value of: 

M 2 

M x +M m ! 2 

M, +M lM ......(8.19) 

Pe mi„ 

Note: 

The axial force in a column may be calculated based on the assumption that the beams 
and slabs transmitting force into it are simply supported. For the case of interior 
columns supporting approxirnately symmetrical arrangements of beams, the end 
moments (MO and (M 2 ) may be assumed equal to zero. This assumption does not 
apply to columns of flat slab construction for which moments transferred to columns 
are dealt with explicitly by the code. The initial moments in exterior columns may be 
estimated as given in Table (8.5). 


: column dimension in the direction considered (in mm). 

: slenderness ratio using the column radius of gyration i, given by Eq. 8.4b. 
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End condition 
of column 


Initial moment 
from analysis 


Additional 

moment 



bigger moment M a[W 



smaller moment 


Fig. 8.10 Initial and additional moments in braced slender columns 
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Table (8.5) Design Moments for Exterior Columns 


Position of moment 

Moments for frames of one 
bay 

Moments for frames of two 
bays or more 

Moments at foot of upper 
column 

K u -M f 

K,+ K U +0.5K„ 

K u -M f 

K, + K u + K b 

Moments at head of lower 
column 

K t -Mf 

K c +K u +0.5 K„ 

K,-M, 

K,+ K u +K h 


Where 

M = bending moment at the end of the beam framing in the column, assuming fixity 

at both ends of the beam. 

K h = stiffness of the beam 

K t = stiffness of the lower column 

K u = stiffness of the upper column 



Photo 8.2: Shear walls and slender columns during construction. 
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8.6 Design Moments in Unbraced Slender Columns 

The Egyptian Code takes into account the increase in the applied moments in 
unbraced slender columns by adding to the original moment an additional moment 
The additional moment is assumed to occur due to interaction of the applied load with 
the lateral deflection of the column. It should be mentioned that unbraced short 
columns are also subjected to additional moments due the relative displacements of 
the ends of the columns. 

8.6.1 Additional moment 

Unbraced columns are generally connected to floors that are rigid enough in their own 
plane to induce equal deflection (side-sway) to all columns under lateral loads. In such 
a case an average deflection may be applied to all columns. This deflection can be 
assessed from the following equation: 

S„ . (8.20) 

wh ere 

= average deflection at ultimate limit state of the floor 
8 V = deflection at ultimate limit state for each column calculated from Eqs. 8.12 
n = the number of the columns in the floor 

After the calculation of ( S av ), any values of the (<?) more than twice (8 av ) should 
be ignored and the average recalculated. In such a case, (n) in Eq. (8.20) should be 
reduced appropriately. 

M „ = P.8 .(8-2D 

lvl add * «v 

8.6.2 Design moments 

Assume an unbraced slender column subjected to two end moments M, and M 2 and 
the M 2 is the larger of the two end moments. The distribution of moments assumed 
over the height of an unbraced column is shown in Fig. (8.11). The design moment or 
unbraced columns is taken as the largest value of: 


where 

M 2 is the larger initial end moment due to design ultimate loads. 

Fig. 8.12 summarizes the calculations of M add in rectangular slender columns 
according ECP-203 
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End condition 
of column 


Initial moment 
from analysis 


Additional 

moment 


Design 

moment 




less stiff end joint may be reduced in proportion to 


the ratio of the stiffness of the less 
stiff to the stiffer joint 


S 

I 

| 

i 


Fig. 8.11 Design moments in unbraced slender columns 


388 



Short if X. < 15 X<10 

Long if 15 < A. <30 10 < A, <25 

Not accepted if A, > 30 A. > 23 


K-factor (Table 8.3) (Table 8.4) 



Fig.8.12 Calculations of M ^in rectangular slender columns according to ECP-203 
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Example 8.1 

Figure EX-8.1 shows a structural plan of an eleven story residential building. The 

is ifbfsimed' ju? : SoTS ™« e zz z 

2 

f — 35 N / Ttitii 

It is required to check the bracing condition of the building in both directions. 

Solution 

The building is provided with a core and 2 shear walls to increase its capacity to resist 
the lateral loads According to the ECP 203, the following equation is to be 
check whether the building is braced or unbraced. 


where 


a= H b 



< 0.6 


H, The total height of the building above the foundation level 

N Total unfactored vertical loads acting on all vertical elements 

ZEI Summation of flexural rigidity of all vertical walls in the direction under 

consideration 


Step It Calculation of N 


Weight of typical floor = Own weight + Flooring + Equivalent wall load + Live load 
= 0.22x25+1.50 + 2.0 + 3.0 
= 12 kN/m 2 

Total Weight of floor = Area x Unit weight 


= (26.00x34.00) x 12 
= 10608 kN/floor 


Total Weight of Building, N 

= No. of floorsx Weight of floor + weight of core, walls and columns 

= 11 x10608+20000 
= 136688 kN 
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Step 2.Calculation of the moment of inertia of the core and the walls 

The core resists lateral loads in the X- and the Y-directions. The walls resist lateral 
loads in the Y-direction only. 

For the Core 

3x0 35x3.85x2.275 + 6.3x0.35x0,175 „ m 

y _ 3 x 0.35 x 3.85 + 6.3 x 0.35 ^ 

j = 121035x3^ + 3 x035x 3 .g 5x ( 2 .275-1.53) 2 +^~- + 6.3x0.35x(1.53-0.175) 2 


I x = 11.30m 4 

3 x0,35 s x3.85 0.35x6.3 s , ?v msv 3«s ( ^_ 0 .175) 2 =31.19m 4 

‘y 12 12 2 



For the Walls 


= 2.16 m 3 


0.35 x4.2 3 


/ = 2.16m 


, 4.2 x 0.35 s 

/ -- =zero 

>' 12 


Step 3: Calculation of H b 

Height of the building above the foundation 
=10 x 3.0 + 5.0=35.0 m 
































Step 4: Check bracing condition in Y-direction (Calculation of a y ) 

The lateral bracing of the building in Y-direction is achieved by the core, I x = 11.3 r 
and the two shear walls. 

E = AAOO-^ffcu N/mm 2 

E = 4400V35 =2.6x10 4 N! mm 2 =2.6x10 1 kN/m 2 

2 El x -EY,(Ix(con) + 2x/ x^ytaii) )=2.6xl0 7 x(11.30 + 2 x 2.16) = 4.06xl0 8 kN.m 2 



= 0.64 > 0.60 Unbraced Structure in Y-direction 

Step 5: Check bracing condition in X-direction (Calculation of a x ) 

The bracing of the building in X-direction is achieved by the core, I y = 31.19 m . 

£ EI y = E x = 2.6 x 10 7 x 31.19 = 8.1 x 10 s kM.m 2 



Braced in X-direction 


Example 8.2 

Design the rectangular column shown in the figure below to support a factored load or 
1500 kN. For simplicity the column may be assumed hinged at the foundation level. 
The column is considered unbraced in x-direction and braced in y-direction. The 
material properties are f cu = 30 N /mm 2 wAf y = 360 N /mm . 



Sec A-A 









Solution: 

Step No.l: Considering the moments developed in t-direction (M y ) 

The column is considered unbraced in X and Y directions as no lateral resisting system 
is provided. 

Clear height of the column, H 0 = 6.6- 0.6=6.0 m 

The top end of the column is connected monolithically to beams that are deeper than 
the dimension of the column (condition 1), while the bottom end of the column is given 
as hinged condition (condition 3). 

From Table (8-4), the effective length factor —*—>* k = 1.60. 


The effective height, H e = k H 0 

H e = 1.60x6.0 = 9.60 m 


H c ^ 9.60 
t “0.45' 


= 21.33 >10 and not more than 23 


The column is classified as slender column in the direction considered, and additional 
moment is developed. 

Y 

„ /l 2 xt 21.33 2 x 0.45 „, n „ _L 

8 = - = -r—- = 0.102»i /TN 


M M = /*„ x<5 =1500x0.102 = l53kN.m oT i 

§ -i-X 

M, ou | (in-plane) ~ M u + M add X> j 

vM u =0 i 

•••M loul(i „. p , anc) =0 + 153 = 153 kN.m ' t=450 ^ 

.'. M y =153 kN.m. 

Step No. 2: Considering the moments developed in b-direction (M x ) 

Clear height of the column, H 0 = 2.80 m (the largest of the two heights) 

The top end of the column is connected monolithically to beams that are deeper than 
the dimension of the column (conditionl), while the bottom end of the column is given 
as hinged condition(condition 3). 

From Table (8-4), the effective length factor—k = 0.90. 

The effective height, H e = k H 0 

H e =0.90 x 2.80 = 2.52 m 


H„ 2.52 


: 8.4 <10 


The column is classified as short column in the direction considered, and no additional 
moment is developed. 
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MloUout Q f plane) ^u~*~^add 
' ‘ ^[ol,(outof plane) — ^ 

-•M x =0 . * 

Step No.3: Design of the reinforcement: 

The column is subjected to uniaxial bending, calculate the following terms: 

P u _ 1500x1000 _ Q2n 
f .b.t ~ 30x300x450 

JL- an 153 *l g— =0.084 
f cu bt 2 30x300x450 2 


Assume cover = 40 mm • 


450-2x40 


: o.82 i-Use ^=0.80(conservative) 


Using the uniaxial interaction diagram (top & bottom steel) (Appendix B) 
From the diagram with f y — 360 N /mm 2 , £ = 0.80, a =1—> > p = 3.5 
p = 3.5 x 30 x 10‘ 4 = 0.00875 < p max (0.05) (external column). 

A s = p b t = 0.00875 x 300 x 450 = 1181 mm 2 
A s =A; =1181 mm 2 

A s , md =A S +A; = 1181+1181 =2362 mm 2 

p min = 0.25 + 0.052 x 21.33 =1.359 % 

A s , min = 0.01359 x 300 x 450 = 1834.65 mm 2 < A Sjtota , 

Choose 5 <6 18 top & 5 O 18 bottom (A Sjt0Q i= 2544 mm 2 ) 

, 450 mm , 


^2^12 \5#18 
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Example 8.3 

Design the rectangular column shown in the figure below to support a factored 
eccentric load of 500 kN (own weight of column may be neglected). The column is 
connected to a footing that can resist moment. The material properties are / cu - 25 N 

/mm 2 and f y = 400 N /mm 2 . 


I+-, 


_i 

i 

n 

— 


i 

f+r 




beam 250x700 | 


c*“ "^c 


Semelle 
1250x800. 


1-*—- - -1-1 

j ! 

i ::, , 


Elevation 


beam 

beam 

I 250x700 

250x700 


, 600 , 
Sec. A-A 


In-plane direction 
Sec B-B 


’Y 

Sec C-C 


Fig Ex.8.3 


Solution: 

Step 1: Considering the in-plane direction of the column (M*) 

Since the structure is not provided by lateral resisting system, it is considered 
unbraced. Clear height of the column, H 0 = 6.0 m 

The top end of the column is unrestrained against both lateral movement & rotation 
colon™) (condition 4) while the bottom end of “ 

a footing that can resist moment (condition 1). From Table (8-4), the eilective lengt 

factor, k = 2.20. 


The effective height, H e = k H 0 

He = 2.20x6.0= 13.20 m 


H „ 13.20 


1 22 > 10 andnot more than 23 


The column is classified as a slender column in the direction considered, and an 
additional moment is developed. { 

22^x060 = 0.145 i \ \ 

2000 2000 o _ 1 - X- X 

M „ =P x<5 =500x0.145 = 72.5KN.m "° i > ' 

add u 


M total.(in-plane) hl u + M add 

vM =500x0.50 = 250KN.m 


-M „ , , =250+72.5 = 322.5KN.m 

* * total,(m-planc) 


.-.M =322.5 KN.m. 


M u = Madd(x) 
250 



72.5 Kn.m 

Additional 

moment 



322.5 Kn.m 
Total 
moment 
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Step No.2: Considering the out of plane direction of the column(M y ) 

Clear height of the column, H 0 = 6-0.70 = 5.30 m 

The top end of the column is connected monolithically to beams that are deeper than 
the dimension of the column (conditionl), while the bottom end of the column is 
connected to a footing that can resist moment (condition 1). 

From Table (8-4), the effective length factor -*-*-* k = 1.20. 

The effective height, H e = k H 0 

He =1.20x5.30 = 6.36 m 
i _ Ik = 636 = 212 > 1 0 and not more than 23 

outof plane ^ 0.30 



The column is classified as slender column in the direction considered, and additional 
moment is induced. 


X 2 xb 
2000 


21.2 2 x0.30 

2000 


0.067 


M ,, =P x<5 =500x0.067 =32.5kN.m 

mil u 

l^loul.(outof plane) = ^ V k"*"M a<w 

M ,, r , .=0 + 33.5 = 33.5 kN.m 

1VA lotaI,(outof plane) 

.-. M y =33.5 KN.m 
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Step No.3: Design of the reinforcement: 

The column is subjected to the following straining actions(compression force+ biaxial 
bending) 

P u = 500 kN 
M x = 322.5 kN.m 
M y = 33.5 kN.m 

Determine the load level Rb as follows: 

P 500x1000 .... 

p — - 2 — -= 0.111 

'' f .b.a 25x300x600 

J cu 

Since Rb <0.2—► P = 0.80 

Assume that the concrete cover = 40 mm 

a' = 600-40 = 560 mm 

b' = 200-40 = 260 mm -- 




1 2) 





b* 


Since M x la' =(322.5/560) >M y lb' = (33.5 / 260), the design moment will be taken about x. 
Using equation 7.57 in this text gives the uniaxial magnified moment. 

M' x =M X + 

0 

= 322.5 + 0.8 x (—) x 33.5 = 380.2 kN m 



— X 


Biaxial 


Uniaxial 








= 0.141 


M[ 380.2xl0 6 
f m bt 2 “25x300x600 2 


600-2x40 =09 
Q 600 


Using uniaxial interaction diagram (uniformly distributed steel) 
From the diagram with / y = 400 N /mm 2 , £ = 0.90 —*P = 8 
p = 8 x 25 x 1 O' 4 =0.02 < (0.05) (external column). 

As, ,o<ai = p b t = 0.02 x 300 x 600 = 3600 mm 2 
p min = 0.25 + 0.052 x 22 =1.394 % < p.o.k. 

Choose 12 O 20 (3770 mm 2 ) 


6 0 8/m 




40 $ 20 


2$^$ 20 


250 20 


4 $^$ 20 


Column Reinforcement 
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Example 8.4 

Fig Ex-8 4 shows a plan and a sectional elevation of a workshop. It is required to find 
the straining actions acting on column Cl at the ground floor level knowing that it is 
subjected to an axial load of a factored value of 2700 kN and an initial moment in X- 
plane (M y )of a factored value of 400 kN.m. /„=25 N/mm and/, =360 N/mm 

Solution 

In order to find the design moments for column Cl, it is required to investigate the 
effects of the slenderness ratios of the column about its principal axes. Since the 
building contains no shear walls, it is classified according to the Egyptian Code as 
unbraced. Accordingly, all columns are unbraced columns. 

Step 1 ■ Calculation of the ultimate deflection in the X-direction 

To calculate the average ultimate deflection in the X-direction, one has to calculate the 
deflection 6 for each column. The following table summarizes the calculations: 



5.2 0.5 10.40 0.027 


Note- Since the floor beam is thicker than the column dimension under consideration, 
the top condition is considered case 1. Since the semelle is shallower than the column 
dimension under consideration, the bottom condition is considered case 2. From lable 
8.4 in this text, it can be determined that k= 1.3. 


Where 


= deflection at ultimate limit state for Q in the X-direction 


H e = kH a 

k =1.3 {From Table 8.4 of this text with end condition (2) at bottom and (1) at top} 
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C4 300x900 C3 300x900 C4 1 



C2 = 300x600 mm Elevation 

C3 = 500x500 mm . 

C4 = 300x500 mm Fl §- Ex ' 8 - 4 
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250x900 i 250x900 





































Step 4'- Calculation of Final Straining Actions for Column Cl 


My (X-Z plane) 
M* (Y-Z plane) 


= 2700 kN 

= 400+127.44 = 527.44 kN.m 
= 159.03 kN.m 


It should be noted that in spite of the fact that the column was subjected to an initial 
uniaxial moments, slenderness effects have resulted in the column being subjected to 
biaxial moments. 



My+M a dd(y) = 527.44 kN.m 


M ad d(x)= 159.03 kN.m 


Straining actions for column Cl 
Step 5: Design of the reinforcement: 

The column is subjected to biaxial bending; determine the load level R b as follows. 


p u 2700x1000 
f .b.a 25x650x650 


= 0.256 


From Table (7.2), using interpolation, get p = 0.772 
Assume concrete cover = 40 mm, 
a' = 650 - 40 = 610mm 
6'= 650-40 = 610mm 

Since M, / b' = (527.7 / 610) > M, / a' = (159 / 610), the design moment will be taken about y. 
ri sin g equation 7.58 'of this text (Chapter 7) 


M' =M y + P(-)M X 
y ' a 


- 521.1 + 0.772 x (—-) x 159 = 650.50 kN m 
610 


Y Y 



650 2x40 _ a877 

650 2 
Using the uniaxial interaction diagram (uniformly distributed steel) f y = 360 N /mm 

ij = 0.90 -> p = 4.8 
£ = 0.80 -> p = 5.8 
Using interpolation —»—* p = 5.03 

p = 5.03 x 25 x 10" = 0.0126 < p (0.04) (internal column). 

A s ,total = pb t = 0.0126 x 650 * 650 = 5313 mm 2 

p min = 0.25 + 0.052 x 16 =1.082 % < p.o.k. 

Choose 20 <5 20 ( 6283 mm 2 ) 

Or 16 d> 22 ( 6082 mm 2 ) 



for column reinforcement 
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Example 8.5 


The frame shown in Fig. Ex-8.5 is a part of the structural system of a braced structure. 
It is required to find the bending moments in the exterior columns. The unfactored 
dead and live loads of the exterior beam for all floors may be assumed equal to 32.0 
and 12.5 kN/m, respectively. The columns may be ^assumed fixed to the foundations. 

Solution 

Table 8.5 gives the values of bending moments in the exterior column. 

For the case of frames with two bays or more, the values of bending moments in the 
exterior column are as follows: 

Bending Moment in the lower of upper column is equal to 

= —-^- xM, 

K,+K u +K b f 

and Bending Moment in the upper of lower column 


K t +K u +K b 


is the fixed end moment of the beam 

is the flexural stiffness of upper column with two fixed ends, K u = - 


is the flexural stiffness of lower column with two fixed ends, K t 


is the flexural stiffness of beam, K,=- 


the height of upper and lower column respectively 
the length of beam 


I u Ji,I b the moment 'of inertia for upper column, lower column and beam 
respectively. 



(250 x 700) 


- All exterior columns are 300x400mm 
at all floors 

- All interior columns are 400x400mm 
at all floors 

- All girders are 250x700mm 


Fig. Ex-8.5 Elevation of an industrial building 



























Bending Moment at joint B and C 


= 


_- M f 

K{AB) + K(CD) + 


M ja =- 


1.42E xirr 


1.42 E xlO' 3 +1.94£ xlO" 3 +4.4£ xl(T 


-x228.2 = 41.76 kN .m 


Mrn 


K 


(CD) 


K(AB) + K(£D) + Kb 




1,94£ x 10’ 3 _ 

M c° = T.42£ xlO" 3 +1.94E xlO' 3 + 4.4£ xlO" 3 


x 228.2 = 57.05 kN .m 


__ m 

MI won ja- , IS , IS f 

K (AB) +K <.CD) + ^b 

4.4£xl(T 3 


=- 


1.42£ xlO' 3 +1.94£ xlO' 3 +4.4£ xlO' 3 

Bending Moment at joint D, E. F, and G 


x 22&.2 = 129 A\kN .m 


- M f 

K(cd) + + Kb 


1.94£xl0" 


1.94£xl0 -3 + 1.94£xl0~ 3 +4.4£xl0 3 


x 228.2 


= 53.46 kN.m 


Bending Moment at joint H 


K, 


iGH) 


- M f 

+ 0.0 + K„ 1 

1.94£ xlO" : 


1.94£ xlO' 3 +0.00 + 4.4£ xlO 


-x228.2 = 69.8 kN.m 
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Example 8.6 


Figure Ex-8.6 shows a part of an industrial building that is braced in the two 
orthogonal directions. The cross-sectional dimensions of the columns are 300 x 300 
mm. Also shown in this figure is the bending moment diagram acting on columns AB 
& BC in the X-Z plane. The bending moments acting on these columns m Y-Z plane 
(out-of plane) can be neglected. Columns AB and BC are also subjected to axial 
forces of values of 700.0 kN and 450.0 kN, respectively. It is required to find the 
straining actions acting on columns AB & BC. 

Solution 

Step 1: Analysis of Columns in the X-Z Plane (in-plane) 

Step 1.1: Check slenderness limits of the columns 

a) Column AB 

Clear height of the column, H 0 = 6.40 m 

The top end of the column is connected monolithically to beams that are at least as 
deep as the overall dimension of.the column in the plane considered ( Condition I). 
The bottom end of the column is connected to a semelle that is deeper than the column 
(i Condition 1). From Table 8.3, the effective length factor, k = 0.75 

The effective height, H e = kH 0 

H e = 0.75x6.40 = 4.80 m 

X - — = -—~=16 >15 and not more than 30 
b b 0.30 

Hence, column AB is classified as a slender column in the X-Z plane 
b) Column BC 

Clear height of the column, H 0 = 7.80 m 

The top and bottom ends of the column are connected monolithically to beams that are 
at least as deep as the overall dimension of the column in the plane considered 
(Condition 1) for top and bottom. From Table 8.3, the effective length factor, k - 0.7 . 

The effective height, H e =kH 0 

H e =0.75x7.80 = 5.85 m 

X = = -^-=19.5 >15 and not more than 30 

b b 0.30 

Hence, column BC is classified as a slender column in the X-Z plane 


I 
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Step 1.2: Compute the Additional Moment in the X-Z plane(in-plane) 

The additional moment, M mid = PS 

a) Column AB 

8 = Jl- t = x 0.30 = 0.0384 m 

2000 2000 

M ,, = PS = 700 x 0.0384 = 26.88 kN.m 

add 

b) Column BC 

19 5 2 

8 = x 0.30 = 0.057 m 

2000 

M „ =P.S =450x0.057= 25.65 kN.m 

add 

Step 1.3: Compute the Design Moment in the X-Z Plane (in-plane) 

The design moment, Md es is the larger of the following values: 

1 ) M 2 2 )M,+M mld 

3) M x + (M add / 2) 4) P.e min 

where 

M, = 0.4M, +0.6 M 2 > QAM 2 

a) Column AB 

M, = -60 kN.m 

M 2 =153 kN.m (double curvature) 

M, = -0.4x60 + 0.6x153= 67.8 kN.m > 0AM 2 

The design moment is the larger of the following values 

i) 153 kN.m 2) 67.8+26.88 = 94.68 kN.m 

3) 60+(26.88/2) = 73.44 kN.m 4) 700x(0.05x0.3) = 10.5 kN.m 

Accordingly the design bending moment, M<j es for column AB = 153.0 kN.m 
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b) Column BC 

M, = 83 kN.m 

M 2 =11 1 kN.m (single curvature) 

— 0.4x83 + 0.6 x 111= 99.8 kN.m > 0.4M 2 

The design moment is the larger of the following values 

1)111 kN.m 2)99.8+25.65 -125.45kN.nl 

3) 83+(25.65/2) = 95.83 kN.m 4) 450x(0.05x0.3) - 6.75 kN.m 

Accordingly the design bending moment, M des for column BC = 125.45 kN.m 



Step 2: Analysis of Columns in the Y-Z Plane (out-of-plane) 

Step 2.1: Check slenderness limits of the columns 

a) Column AB 

Se a 't 6 pS of’the il, is connected monoli.hically to beams that am at tost as 
deep as the overall dimension of the column in the plane considered (Conditio* ). 
The 3 bottom end of the column is connected to a semelle that is deeper than the column 
(i Condition 1). From Table 8.3, the effective length factor, k - 0.75 

The effective height, H e = kH 0 

H e = 0.75 x 6.40 = 4.80 m 

i = _ 4j 0 ._ 16 >15 an( j no t more than 30 

6 b 0.30 

Hence, column AB is classified as a slender column in the Y-Z plane 
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b) Column BC 

Clear height, H 0 = 4.0 m 

The top and bottom ends of the column are connected monohthically to beams that are 
at least as deep as the overall dimension of the column in the plane considered 
(Condition 1) for top and bottom. From Table 8.3, the effective length factor, k - 0.75 
The effective height, H e =kH 0 

H e =0.75x4.00 = 3.00m 

The ratio A, = “ 100<15 

Hence, column BC is classified as a short column in the Y-Z plane. 

Step 2.2: Compute the additional moment in the Y-Z plane 

The additional moment, M add = P.5 



Column AB 

i f2 

S = —— x 0.30 = 0.0384 m 
2000 

M add = P.5 = 700x0.0384 = 26.88 kN.m 

Step 2.3: Compute the Design Moment in the Y-Z Plane 

Since the initial bending moments in the Y-Z plane were neglected, the design 
moments in that plane can be considered as the larger of the following two values: 

1) ^add ^ >,e rain 

a) Column AB 

1) 26.88 kN.m 2) 700x(0.05x0.3) = 10.5.kN.m 

Accordingly the design bending moment in the Y-Z plane for column AB = 26.88 
kN.m 

r 

b) Column BC 

Since the column is classified as a short column the design bending moment in Y-Z 
plane is equal to zero. 


ThefbUowing table gives the design straining actions for columns AB & BC. 


Column 

Axial Force 
(kN) 

Mdes (X-Z) plane 
(kN.m)(M v ) 

Macs (Y-Z) plane 
(kN.m) (M,) 

AB 

700 

153.0 

26.88 

BC 

450 

125.45 

0.00 


Step 3: Design of the reinforcement: 
a) Column AB: 

The column is subjected to biaxial bending; determine the load level R b as follows: 

_P„ _ 700X100CL = 0194 

b f cu .b.a 40x300x300 

From Table (7.2), get p = 0.8 

Assume concrete cover = 30 mm, 
a' = 300-30 = 210mm 
b' = 300-30 = 270 mm 

Since M, / a' = (153 / 270) >M Jt lb'- (26.9 / 270), the design moment willbe taken about y. 
Using 7.58 in this text (chapter 7) 

} } a 

I =153 + 0.8x(—) x 26.9 = 174.5 KY.m 

270 

M\ _ 174.5 x_lg _ =0I62 ' 
f bt 1 40x300x300 2 

J cu 

300-2x30 =Qg 
? 300 

Using uniaxial interaction (uniformly distributed steel) f y = 360 N /mm , C - 0.80 
Therefore p =12.2 

\x = 12.2 x 40 x 10 4 = 0.0488 < p max (0.05) (external column). 

As, to tai = P b t = 0.0488 x 300 x 300 = 4392 mm 2 

p min = 0.25 + 0.052 x 16 =1.082 % < p.o.k. 

Choose 12 <t> 22 ( 4562 mm 2 ) 
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Column AB 


Note: Since the reinforcement ratio is high (4.8%), therefore it is advisable to increase 
column dimensions to decrease reinforcement (calculations not shown). 

b) Column BC: 

The column is subjected to uniaxial bending; determine the following terms: 

P u 450x1000 _ n 

f cu .b.a ~ 40x300x300 

M u 125.45 xlO 6 =on6 

f n: b l 1 40x300x300 2 

Using uniaxial interaction (uniformly distributed steel) f y = 360 N /mm 2 , C, = 0.80 
Therefore p = 7.5 

H = 7.5 x 40 x 10' 4 = 0.03 < p max (0.05) (external column). 

A s , total = (J- b t = 0.03 x 300 x 300 = 2700 mm 2 Choose 12 O 18 ( 3054 mm 2 ) 
p min = 0.25 + 0.052 x 19.5 =1.264 % < p .o.k. 


50 10 / m 


12# 18 




Column BC 



Column Lap splice 





Photo 9.1 Reinforced concrete frames at Dullas airport, USA 


9.1 Introduction 

This chapter covers the topic of reinforced concrete frames that are used as supporting 
elements for halls. The object of a hall is to cover a limited area that has to be utilize 
for a certain purpose such as meetings, sports, storage, exhibitions and industry. 
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9.2 Definition of the Frame 


A frame is a structure in which the rigid connections between the girders and the 
Supporting columns are utilized so that the internal forces due to the loads are resisted 
by tile combined action of the girder and the columns i.e. the bending moment is 
distributed among the girder and the columns (Fig. 9.1). In a simple girder, vertical 
Ss are Suited in vertical reactions (Pig. 9.1b). while in . frame; vertical loads give 
vertical and horizontal reactions (Fig. 9.1a). 


^ig. 9.1 Frames versus simple girders 



a) Frame 


b) Simple Girder 


The magnitude of the bending moments resisted by the columns depends on the 
relative Sffhess K r of the girder with respect to the columns. The bigger the value of 
K r , the smaller is the moment resisted by the columns. 


je _H_ h_ . 

Kr ~L'l c . 

where 

H = height of the column. 

L = span of the girder. 

/ = gross moment of inertia of the beam. 

/ = gross inertia moment of of the column. 


(9-1) 


In order to achieve a good distribution for the bending moments in frame members, it 
is recommended to choose the concrete dimensions of the frame members as shown m 

Fig. (9.2) 
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.ink 

member 







9.3 The Choice off the Type of the Frame 

The choice of the form of a frame is generally governed by the external and internal 
architectural considerations as well as the purpose at which it is used. The statical 
system depends on the conditions at the supports. 

Two hinged frames are generally used on medium soils as they are not sensitive to 
displacements of the supports. Figure (9.3) shows several types of two-hinged frames 
that are extensively used in industrial buildings and workshops. Figure (9.4) shows a 
two-hinged frame that supports stands. 




Fig. 9.3 Examples of two hinged frames 



Fig. 9.4 A two hinged frame supporting stands 
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Statically determined three-hinged frames (Fig. (9.5)) are used on weak soils that may 
be subjected to small horizontal or vertical movements of the bearing hinges. 



Fig. 9.5 Examples of three-hinged frames 


On good firm soils, fixed frames may be used. In this system, the internal stresses due 
to temperature changes and shrinkage are relatively high and must be considered. 


A two-hinged frame with a tie is shown in Fig. (9.6a). Adding a tie to the frame 
reduces the bending moment in the girder. In order to prevent the sagging of the tie, 
hangers might be provided at convenient distances. The frame is twice statically 
indeterminate and hence, the bending moments developed at different sections are less 
than the case of the two-hinged frame without a tie. The rigid tie at the top of the 
columns gives a better distribution of the internal forces in the columns and the girder 
although this does not necessarily more economic solution because of the complicated 
formwork and the big amount of steel in the tie and the hangers. It gives however a 
smaller horizontal thrust on the foundations. A frame without a tie is simpler and 
architecturally more acceptable than a frame with a tie and hangers. If the foundations 
of a frame cannot resist its horizontal thrust, a tie may be arranged at the bottom 
hinges to resist the thrust as shown in Fig. (9.6b). In this case, the frame is once 
statically indeterminate. For elastic ties at foundation level, the horizontal force 
developed at the foundation level is smaller than that of two hinged frames without 
ties or with rigid ties. The result is that the comer moment is smaller and the field 
moment is bigger. 




(b) 


Fig. 9.6 Examples of two-hinged frames with a tie 
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Continuous frames can be used to cover areas in which the dimensions are too long to 
be spanned by single-bay frames (see Fig. (9.7)). Continuous frames are generally 
high grade statically indeterminate. If the frame is symmetrical in shape and loading, 
as generally the case in roof structures, the horizontal reaction at the intermediate 
column will be almost zero. In such a case, the frame may be constructed with a 
slender intermediate column, which can be assumed as a pendulum. The system in this 
form is only twice statically indeterminate. 



Fig. 9.7 Continuous frames 
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Fig. 9.7 Continuous Frames (Continued) 

9.4 Layout of a Hall Supported by R/C Frames 

In big covered halls, reinforced concrete frames are usually used as the mam 
supporting element. In order to get relatively reasonable dimensions of the frames, the 
spacing between frames should be in the range of 5.0 ms to 7.0 ms. 

Figure (9.8) shows the layout of the supporting elements of a hall that is 18.0 ms wide, 
20.0 ms long and 5.0 ms clear height. 

The main supporting element can be chosen as a rectangular frame. The frame are 
chosen to span in the short direction (18.0 ms) arranged every 5.0 ms. 

Continuous secondary beams supported on the frames are used in the roof of the hall 
in order to get reasonable slab thickness. 

In order to get reasonable wall area (15-25 m 2 ), wall beams are usually provided at the 
sides of the halls. 

In case of a weak soil, semelles are provided at the foundation level in order to 
connect the footings together to reduce the effect of differential settlement. Otherwise, 
they could be provided at the bottom end of the frame leg to support the wall above. 

It should be mentioned that frames are rigid in their own plane and are very flexib e in 
the out-of-plane direction. Hence, it is essential to provide beams that connect the 
frames perpendicular to their plane. In many cases, these beams are already existen 
through the provision of wall and roof beams. 
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R 1C footing 
P/C tooting 


9.5 Reinforcement Detailing of Rigid Frames 

The art of detailing of reinforcement in rigid frames should follow the general rules of 
mechanics of reinforced concrete as a composite material. It should also be simple and 
practical. Figure 9.9 shows some typical details. Other reinforcement details could 

also be accepted. 

1- Detail-1 shows a frame joint that does not resist moment (a joint between a link 
member and a frame girder) 

2- Detail-2 shows a frame joint that does resist moment. The column is a link member 
and the frame girder has a cantilever part. 

3- Detail-3 shows a frame joint designed to resist the moments that developed due to 
the rigid connection between the girder and the column. The moments applied to the 
joint produces what is so called “closing joint”. The hogging moments of the girder 
are resisted by the tension column reinforcements. It should be noted that the tensi e 
forces in the reinforcements results in a force F = F V2 , that produces splitting tensile 
stresses. Diagonal reinforcement ( A s = T/{f y ly.)) might be provided to participate m 
resisting the splitting tensile stresses. 

4- Detail-4 shows a frame designed to resist the moments that developed due to the 
rigid connection between the girder and the column. The moments applied to the joint 
produces what is so called “opening joint”. It can be seen that the reinforcement of the 
column has not been used to reinforce girder. If the tension reinforcement is 
continuous over the sharp comer, failure of the cover will take place due to the action 
of the resultant force F. 

5- Detail-5, Detail-6 and Detail-7 show reinforcement detailing of rigid connections in 
frames in which the girders have cantilever parts. 

6- Detail-8 shows the detailing of a double cantilever from the frame leg. 

7- Detail-9 shows a broken part of a girder of a frame creating an “opening joint”. The 
bottom reinforcement of the frame girder has to be discontinued at the broken part in 
order to prevent cover saplling. 

8- Detail-10 shows a broken part of a girder of a frame creating a “closing joint The 
bottom reinforcement has not been discontinued at the broken part since the resultan 
of the tension force is inward and has not affect the cover. 

Figure 9.10 shows a typical reinforcement detailing of a frame. 
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Fig. 9.9 Detailing of Frame Joints (Detail-2) 


Diagonal Rft. 


























Fig. 9.9 Detailing of Frame Joints (Detail-6) 








































9.6 Hinged Bearings 


The most commonly used type in concrete structures is the lead plate hmge. The 
design of this type is explained as follows. 

In this type of hinges, the normal component of the hinge is transmitted to the 
foundation by bearing through 20 mm thick lead plate arranged at the middle of he 
column foot. The horizontal component H is resisted by shear resistance of 
connecting bars A s that are protected from rusting by 20 mm thick bituminous 

material as shown in Fig. 9.11. 



Fig. 9.11 Details of Lead hinge 


In order to have acceptable hinge action, the length of the lead plate t must be sma er 
than or equal to one third of the depth of the column at the position of the hinge 
measured in the direction of the required rotation. 

The lead hinge can accordingly be calculated in the following manner: 

i7<- f ‘‘ 0 - 67 t'lr . <9 ' 2) 
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The normal compressive stresses are transferred from the breadth of the column t to 
the breadth of the lead plate t in a height h approximately equal to the breadth t of the 
column. Therefore, a splitting tensile force is developed along this length. The 
transverse splitting force F sp is approximately equal to one forth of the vertical force 

(N/4). This force must be resisted by horizontal stirrups of area A s , =y-^~ arranged 

at the end of the column in a height h=t. Fig. 9.12 shows the graphical representation 
of finite element model of the hinged base. Far from the lead plate the stress 
distribution can be considered uniform. Stress concentration can be easily noticed at 
the connection between the frame leg and the lead plate 



Fig. 9.12 Finite element model for the hinged base 
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Example 9.1 

It is required to design the frame shown in the Figure below and Fig. EX9.1. The 
ultimate load including dead and live loads is 100 fcN/m'. The horizontal reaction at 
the base equals = 293.7 kN./ cu = 25 N/mm and//=360 N/rnrn . 

Frame spacing =5.0 m 
Slab thickness t s =120 mm 

The frame may be considered unbraced in its plane and braced in the out of plane 
direction. 


w u =100 kN/m' 



Fig. EX 9.1 
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Section A-A 
Fig. Ex.-9.1 

































Solution 

Step 1: Calculations of the reactions 

The sloped length of the frame L' equals 


l' = -\/6.0 2 +2.5 2 = 6.5 m 


w„=100kN/m' 



Since the frame is symmetrical in loading and in geometry, the vertical reaction equals 

Y = Y = — x (2 x L' + 7.5) = x (2 x 6.5 + 7.5) = 1025 kN 
° h 2 2 
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Step 2: Calculations of Normal, Shear, and Bending Moment 

The calculation of shear and normal force for the sloped elements can be obtained 
using the following formula 

0 = tan -1 ^0 = 22.6” 

N =H, xcos(6>)+F,. xsin(6>) (normal force) 

q =K, X cosxsin ( 0 ) (shear force) 

Positive direction is given in the figure below 



1025 


V x =Y a =1025 kN 

V 2 =Y a -W" xL' = 1025-100x6.5 = 375 kN 
H,=H 2 =H„= 293.7 kN 


section 

H 

V 

N 

Q 

1 

293.7 

1025.0 

665.3 

833.2 

2 

293.7 

375.0 

415.3 

233.2 


The normal, shear and bending moment are shown in the following figures. 
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Step 3: Flexural design of critical section 

Because of frame symmetry, only five sections need to be designed as shown. 



critical sections locations 


Step 3.1: Design of Section 1 (400x1400) 

Assume t =7^^ = T7^ ; l7 = 1:21_>1 ' 625m 
* 12 -*16 12 —v 16 

Take t g =l .4 m=1400 mm 

Section 1 is subjected to the following straining actions: 

M u = 2113.3 kN.m 
P„=293.7 kN (compression) 

It acts as a T-section and the width B is taken as: 


B smaller of —> 


16t s +b 

0.7 xL , 

- + b 

5 

CL —> CL 


16x120 + 400 = 2320 mm 
0.7x19500 . 


1 + 400 = 3130 mm 


5000 mm 


B= 2320 mm 

Assuming that the distance from the c.g of the steel to the concrete surface is 80 mm, 
the effective depth equals 
d = t-80mm = 1400-80 = 1320 mm 


If P u /f cu b t is less than 0.04, the normal force can be neglected 

P u _ 293.7x1000 _ Q Q21 < 0 Q4 .neglect normal force 

f xbxt 25x400x1400 

J cu 

The design will be carried out as if the section is subjected to moment only. 
Assuming that the neutral axis is within the flange and using C-J curve gives 
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Cl=6.91 


d =C 1 




1320 = C1, 


2113.3x10'* 

25x2320 


The point is outside the curve(Cl>4.8), thus use c/d) m j n 0.125 
a = 0.8xc min =0.1x<f =0.10x1320 = 132 mm 

Since a(132 mm)>tf 120 mm), our assumption is not valid, because the neutral axis is 
outside the flange. According to clause 4.2.1.2.f of the ECP 203, one can neglect the 
compression force in the web and assume that a=t s . Accordingly, A s equals 

M 2113.3xl0 6 _ „„„ 2 

A _ _ u _ ._ = __—-- jjj / nun 

s ~ f y /l.l5x(d-t s /2) 360/1.15x(1320-120/2) 


-smaller of 


0.225^ 0.225^25 

4 360 


x400x 1320 = 1650 mm 1 J <A S ok 


1.3A. =1.3x5357 = 6965 mm 7 


Use 12025 (5890 mm 2 ) & use 4018 (about 17% of A s ) as stirrups hangers 


Step 3.2: Design of Section 2 (400x1400) 

Section 2 is a rectangular section with the following straining actions: 

M u = 2055.6 kN.m 

P u = 665.3 kN (compression) 

IfP u /f cu b t is less than 0.04, the normal force can be neglected 


P u _ 665.3x 1000 

f xbxt ~ 25x400x1400 

J cu 


= 0.047 > 0.04 ■..... ...normal force cannot be neglected 


Section 2 is located in the girder of the frame. Hence, it is recommended to limit the 
amount of the compression steel (if needed) to 40% that of the ^tension steel. M us 
approach for the design of this type of sections can be utilized 1 if tension failure 
occurs. Assuming that tension failure occurs (P u <P U b)- 

A4 = /W„ + P u (^ - cover) = 2055.6 + 665.3 x - 80 j x = 2468 kN.m 


t 2055.6 1.4 

1 Alternatively, e, =e +—-cover = ■ + —-0.05 -i.llm 

2 ooD.o z 

M =P xe =665.3x3.71 = 2468 kN.m 

US U S 
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» 2468 x 10 6 — Q.1416 

' f^bd 2 25x400 xl320 2 

d’ Id = 80/1320 = 0.06 

Since no curves are available for d'/d=0.06, one can use design curves or tables with 
d'/d = 0.1 (conservative). From the curve, it is clear that the ultimate capacity of the 
section for a=0 is exceeded, thus a=0.2 is used. 

From the curve, © = 0.185 


A ’ _ a a Lsl b x d = 0.2 x 0.185x x 400x 1320 = 1357 mm 2 


R,=0.1416 



©=0.185 


Check failure condition 


c = _S21!_d = ^!i_1320 = 867.42 mm 
6 690 + / y 690 + 360 

Applying the equilibrium equation 

0.67x4, b (0.8c,) 4 */, *.*f, 

* uh ~ ~ iic i i < 


0.67x25x400 (0.8x867.42) , 1357x360 4658x360 

P “ b = 1.5 + 1.15 1.15 


P ub = 2066255 N = 2066.2 kN > P u 


(tension failure as assumed) 


For practical considerations, the reinforcement for section 2 should be equal to that of 
section 3. Thus 

Use 12025 (5890 mm 2 ) Top 

Use 4025 (1963 mm 2 ) Bottom 


443 






Step 3.3: Design of Section 3 (400x1200) 

f, =0.8^ ss0.8xl.4 = 1.2in 

t 2 =0.67*, = 0 . 67 x 1 .2 = 0.80 m 

The column is subjected to the following forces 

M u = 2055.6 kN.m 
P u =1025 kN (compression) 

The frame column has a variable cross section, for buckling calculations; an average 
column width at 2/3 h is used. 



Buckling analysis in the out-of-plane direction 

From Fig EX9.1, H 0 = 3.25 m (from the foundation level to the wall beam) 

Since this direction is braced, the effective length factor k can be obtained from Table 
8.3 with case 1 at top and case 1 at bottom (the semelle is larger than the column 
dimension). Thus, k=0.75. 

H e =k*H 0 =0.75x3.25 = 2.44 m 

% = = Idl = 6.1 < 15 (case of braced columns) 

b 0.4 

Thus, no additional moments are induced in the out-of-plane direction 
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It is recommended to use compression steel in frame column not less than 40% of the 
tension steel to allow for moment reversal initiated by lateral loads such as win or 
earthquake. Columns in frames is preferred to be designed using the interaction 
diagram with compression steel ratio (cc=0.4->0.80) depend on the magnitude of the 
moment. It should be noted that the actual member thickness of 1200 mm is used m 

the design. 

_A. 1025 x 1000 - n 

f xbxt 25x400x1200 

J cu 

M u _ 21 15.85X10 6 =nu7 
f^xbxt 1 25x400xl200 2 


The factor C, equals 

r-2xcover 12 00-2x80 _ n 
t ~ 1200 

Using interaction diagram with ^=360 N/mm 2 , a=0.4 
At £=0.8 p=5.1 

At £==0.9 p=4.6 

Using interpolation for (^=0.867 gives p=4.8 
p = p x x 10^ = 4.8 x 25 x 10- 4 = 0.012 

4 =^ 6 x 1 = 0.012x400x1200 = 5760 mm 2 (12<D25, 5890 mm 2 ) 

a; =a- A, = 0.4 X 5760 = 2304 mm 2 (6<D22, 2280 mm ) 

a = A'+A =5760 + 2304 = 8064 mm 2 

^s,total s s 

\ Since the column is long the minimum reinforcement ratio is 
a ■ = 0 25 + 0.052 X = 0.52 + 0.052 x 10.5 = 0.8% 

r* min 

A . = 0.008x6x1 = 0.008x400x1200 = 3840 mm 1 < A sM • o.k 

Step 3.4: Design of Section 4 (400x800) 

This section is subjected to pure compression (P„= 1025kN). From the detailing of the 
frame the section will be reinforced with 6025 and 6<f>22 

A =6x491 + 6x380 = 5226 mm 2 

"sc 

A _ .M. x b x 1 = — X 400 x 800 = 1920 mm 2 <A SC .O.k 

s ’ mm 100 100 
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P u = 0.35 x f m x A c + 0.67 x f y x A sc 


p = _( 0 35 x 25 x (400x800) + 0.67x360x5226) = 4060 AA7 > (1025) .o.k 

“ 1000 v ' 


A s =6025 A’ s =6022 



Step 3.5: Design of Section 5 (400x1400) 

Section 5 is subjected to the following straining actions 
M u = 1410.2 kN.m 
P u =415.3 kN (compression) 


P. 

fa, X *> X ' 


415.3x1000 

25x400x1400 


= 0.0296 <0.04 


From section 1—»—*B= 2320 mm 


1320 =C1 


1410.2xl0 6 

25x2320 


.neglect normal force 


Cl= 8.46 

The point is outside the curve, thus c/d) mjn =0.125 


a = 0.8xc • =0.1xd = 0.10x1320 = 132 mm 

min , , 

Since a(132 mm)>ts (120 mm), our assumption is not valid, because the neutral axis is 
outside the flange. 


M u _ 1410.2xl0 6 

-f y /1.15x(d -1 5 / 2) ~ 360 /1.15 x (1320 -120/ 2) 


- = 3575 mm 2 


Use 8025 (3927mm 2 ) & use 4018 as stirrups hangers 
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Step 4: Design for Shear 

Ideally, the critical section for shear should be taken at distance of d/2 from the 
column leg. However for simplicity the value of the maximum shear from the shear 
force diagram is used. 

Q u =833.2 kN 

& 833.2x1000 , r „ >r< 2 

q u = —— = -- = 1.58 N/nrni 

“ bxd 400x1320 

The applied shear q u should be less than the maximum shear stress q u , max 


= 0-7 ^ = 0-70y— = 2.85 N/mm\..>q u (l.58)...0.k 

The presence of the compression force increases the concrete shear capacity of the 
section by the factor 8 C , where 

5' = 1 + 0.07 x - 5 l = 1 + 0.07 x - 665 - 3xl0 °° = 1.083 < 1.5. o.k 

c A c 400x1400 

q cu = S c xQ. 24 A&*- =1.083x0.24. — =1.06 Nlmm 2 
V r c * 1.5 

Since q u > q cm the frame has to be provided with special reinforcement for shear.. 
q su = <7* = 1.58-^ = 1.047 N / mm 2 

Assume that steel yield strength of the stirrups is 280 N/mm 2 . Since the frame girder 
equals 400 mm, the code requires four branches of stirrups. Try 10 mm (78.5 mm 2 ) 

A„ =4x78.5 = 314 mm 2 

The required stirrup spacing can be obtained using code equation (4-22) 
sxq su xb = A s ,x^- 


s x 1.047 x 400 = 314 x ——■ 

1.15 

f 

s=182 mm, rounding to the lesser integer number —»s=150 mm 

=~x6xs = ^^-x400x150 = 85 mm 2 < A s ,(314)...o.k 
Jy U 

Use <|) 10@ 150 mm in the inclined part of the girder and <j> 10@ 200 mm elsewhere. 
Note: use 10 <(>10 at the foundation level. 
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Reinforcement Detailing of the Frame 














Example 9.2 

The frame shown in the Figure below and Fig Ex. 9.2 is to be designed for a new 
factory in the Six of October City. The ultimate load including dead and live loads is 
75 kN/m'. The horizontal reaction at the base equals = 127.56 kN./o,- 30 N/mm an 
f y =360 N/mm 2 . 

Frame spacing =5.0 m. 

Slab thickness =120 mm, b g =350 mm, t g =1200 mm. 

The frame may be considered unbraced in its plane and braced in the out of plane 
direction 


w u =75 kN/m '(H.P) 



Fig. EX 9.2 
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Fig. Ex.-9.2 Frame cross section 








Solution 

Step 1: Calculations of the reactions 

The vertical reaction equals w “ =75 kN/m ' (H - p) 



Step 2: Calculations of normal, shear, and bending moments 

The calculation of shear and normal force for the sloped elements can be obtained 
using the following formula 

N =H,x cos(9)-V, x sin(6>) (normal force) 

Q =V, xcos {9) + H t xsin(0) (shear force) 


where 9 = tan 1 



16.7° , Positive direction is given in the figure below 
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Step 3: Flexural design of the critical section 

Seven sections need to be designed as follows 



Critical section locations 


Step 3.1: Design of section 1 (350x1200) 

The girder section is given as 350x1200 mm. 

Section 1 is a rectangular section and is subjected to the following straining actions 

M u = 1557.6 kN.m 
P u = 0 kN 

Assuming 70 mm concrete cover to the c.g. of the reinforcement 
d = t -70mm = 1200 — 70 = 1130 mm 
To use the R-co, calculate R 

. 1557 - 6x10 -- = 0.116 
f xbxd 2 30x350xll30 2 

J CM 

From the chart with R=0.116, the reinforcement index *>=0.158 

A, =a)X IsL X bxd = 0.158x^x350x1130 = 5207 mm 1 
f V 


^saun = smaller of ] f : 


0.225^ 0.225^0 


x350x 1130 = 1354 mm 2 J<A, o.k 


1.2A =1.3x5207 = 6769 mm 2 


Use 12025 (5890 mm 2 ) & 6016 (about 20% of A s ) as secondary steel 
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Step 3.2: Design of section 2 (350x1200) 

Section 2 is a T-section and is subjected to the following straining actions 

M u = 1557.6 kN.m 
P u =122.2 kN (compression) 

The effective width B is taken as 

16 t s +b [16x120 + 350 = 2270 mm 

B smaller of-+ ■ + b = - 0 ' 7x * 80 — + 350 = 2870 mm 

CL -> CL 5000 mm 

B= 2270 mm 

If p u /f cu b t is less than 0.04, the normal force can be neglected 


p u 122.2x1000 

f xbxt~ 30x350x1200 

J c.u 


- 0.0097 < 0.04.neglect normal force 


The design will be carried out as if the section is subjected to moment only. 
Assuming that the neutral axis is within the flange and using C-J curve gives 


. HmT _fl557.6xl0 6 _ nAn 

The point is outside the curve, thus c/d) mi „=0.125 and j=0.825 
a = 0.8xc = 0.1x</ = 0.1x1130 = 113 mm 

Since a(l 13 mm)<t s (720 mm), our assumption is valid. 

, M. - 15 gZ^ll°^ = 464tmm 2 

1 f y xjxd . 360x0.825x1130 


0-225 JfZ t d _°- 225 130 = 1354 mm 2 J <A S o.k 

A smi „ = smaUer of f y 360 

1.3 A s =1.3x4641 = 6033 mm 2 

Use 10025 (4909 mm 2 ) (actual detailing= 12025) 

Step 3.3: Design of section 3 (350x1200) 

Section 3 is a rectangular section with the following straining actions 
M„= 1824.3 kN.m 
P u = 71.8 kN (tension) 

Since the normal force is tension, it cannot be neglected. M us approach is used to 
calculate the area of steel 
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A - _ a qIsH) xd = 0.2 x 0.174 x x 350 x 1130 = 1147 mm 2 
J .v 

Use 14<D25 (6872 mm 2 ) Top 

Use 4025 (1963 mm 2 ) Bottom 

Step 3.4: Design of section 4 (350x900) 

Because section 4 has an inverted slab and is subjected to negative bending, it is 
designed as T-section as shown in figure 

M u = 459.4 kN.m 
P u =75.4 kN (compression) 

The effective width B is taken as 



456 


fl6 t s +b fl6xl20 + 350 = 2270 mm 

B smaller of —> I CL —> CL = 15000 mm 


B= 2270 mm 

d = t — cov er = 900 — 50 = 850 mm 

If PAubt is less than 0.04, the normal force can be neglected 


p u 75.4x1000 

fc,xbxt = 30x350x900 


= 0.0079 < 0.04 .neglect normal force 


The design will be carried out as if the section is subjected to moment only. 
Assuming that the neutral axis is within the flange and using C-J curve gives 

f~M [459.4xlO 6 

C1 = dl if cu xB~ V 30x2270 

The point is outside the curve, thus c/d) m m=0.125 and j=0.825 

a - 0.8 xc = 0.8 x 0.125x850 = 85 mm 

Since a(85 mm)<l s (120 mm), our assumption is valid 

A 459.4 x to 6 — _i R i 9 mm 2 

s f y xjxd 360x0.825x850 


| - smaller of 


0,225 ^ ^ 0 . 225^0 

/, 360 


x350x850 = 1018 mm 2 J<A S o.k 


\3A =1.3x1819 = 2365 mm 


Use 4025 (1963 mm 2 ) (Actual detailing 6<T>25) 

Step 3.5: Design of section 5 (350x1200) 

t, =0.8r g ->t g ~\2m 
t 2 = 0.671, ^ 0.751, = 0.90m 

The column has a variable cross section starting from 900 mm at the footing and 1200 
mm at the top. The column is subjected to the following forces 
M u = 1364.9 kN.m 
P =937.5 kN 

For buckling calculations; an average column width measured at 2/3h is use . 
t =t 1 = 900 +-(1200-900) = 1100 mm 

l avg 2 ^ X 1 1 3 






Buckling analysis in the out-of-plane direction 

From Fig EX9.2 H 0 = 4.8 m (from the foundation level to the wall beam) 

Since this direction is braced, the effective length factor k can be obtained from Table 
8.3 with case 1 top and case 1 at bottom (the semelle is larger than the column 

dimension). Thus, k=0.75. 

H =kxH =0.75x5.3 = 3.975 m 

e ° 

i _ Hjl - —— = 11 36< 15 (case of braced columns) 
b 0.35 

Thus no additional moments are induced in the out-of-plane direction 

Buckling analysis in the in-plane direction 

• The height of the column is measured from the bottom of the beam to the 
base (Ho), as shown in Figure above. 

H sh-— = 10.7 = 10.1m 

0 2 2 

• Since the column is unbraced in this direction, the effective length factor k 
can be obtained from Table 8.4. The top part of the column is considered 
case 1, and the bottom part is considered case 3 (isolated footing with no 
semelle). Thus k=1.6, and the effective length H e equals 

H e = kxH c =1.6x10.1 = 16.16 m ____ 
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The slenderness ratio X is calculated using the average column thickness not 
the actual section width, thus X equals 


^ = 1^6=14.7 
11 

Since X greater than 10, the column is considered long and additional moment 
calculation is required. 

*x i _14£xU_o.l 19 » 

2000 2000 

e mi „ = 0.05x t avg = 0.05x 1.1 = 0.055 m <5 

Thus the lateral deflection due to buckling is larger than the code minimum 
eccentricity. The column is subjected to axial force of P u =937.5 kN and the additional 
moment equals 

M add =P u x.S = 937.5 x 0.119 = 111.3 kN.m 
M,„ =M U + M add = 1364.9 +111.3 = 1476.2 kN.m 




Original moment (M„) Additional moment (M a dd) Total moment 


P u _ 937.5x1000 
fa *bxt ~ 30x350x1200 


= 0.074 


M u _ 1476.2 xlO 6 

fm x bxt 2 ~ 30x350xl200 2 

The factor C, equals 


= 0.098 


_ r-2xcover _ 1200-2x70 _ q 
^" t ~ 1200 

Using interaction diagram with^=360N/mm 2 , a=0.4, and 






At ^=0.8 p=3.0 

At C=0.9 p=2.5 

using interpolation for Q= 0.87 gives p=2.65 
p = px / c „ x10 ' 4 =2.65x30x10^ =0.00795 

A, = /r x b x f = 0.00795 x 350 x 1200 = 3339 mm 2 
A' = a-A = 0.4x3339 = 1336 mm 2 


(8025, 3927 mm 2 ) 
(4022, 1520 mm 2 ) 


= a;+A S = 3927 +1520 = 5447 mm 2 
Since the column is long the minimum reinforcement ratio is 
U ■ =0.25 + 0.052 X = 0.25 + 0.052x14.7 = 1.014% 

A* min 

A . =u, xbxt = 0.01014x350x 1200 = 4258 mm 2 < A SJO , . a.k 

'\s\mm < min 


Step 3.6: Design of section 6 (350x1200) 

Section 6 is a rectangular section and is subjected to the following straining actions 
M u = 1479.9 kN.m P u = 316.1 kN 

If P u /f cu b t is less than 0.04, the normal force can be neglected 


316.1x1000 


= 0.025 < 0.04.neglect normal force 


--£- =2 ---—- — S W.VT.-- 

f^xbxt 30x350x1200 

The design will be carried out as if the section is subjected to moment only. 
To use the R-co, calculate R 


R _1479.9x10- =0U()3 

f cu xbxd 2 30x350xll30 2 

From the chart with R=0.1103, the reinforcement index ®=0.148 

A =ft,x^2-xW = 0.148x — x 350x1130 = 4877 mm 2 
/ 360 


°- 225 4f™ bd - 0- 22 5^ vlsnvinn = 135 4 mm 2 J <A. o.k 
A smi „ =smaller of ■ f y 360 

1.3T S =1.3x4877 = 6341 mm 2 
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Step 3.7: Design of section 7 (350x900) 

This section is subjected to pure compression (P„= 937.5 kN). From the detailing of 
the frame the section will be reinforced with 4<J>25 and 4<f>22 

A K =4x491 + 4x380 = 3484 mm 2 

The minimum percentage of reinforcement p for this long column is 1.01% (refer to 
step 3.5) 

A =i^ix6xt = —x350x900 = 3194 mm 2 <A S0 .o.k 

1 - m,n 100 100 

P u = 0.35 x f m x A c + 0.67 xf y x A se 

P = —!— (o35x30x(350x900) + 0.67x360x3484) = 4147 kN >(937.5). o.k 

“ 1000 v ’ 


A s =4®25 


A’ s =4<t>22 



Step 3.8: Design of section 8 (350x1200) 

This is a column section and the procedure of calculations is similar to those presented 
in section 5. (M u = 1020.5 , P u = 937.5 kN)—>—vf=6<I>25 

Step 4: Design for shear 

The critical section for shear is at d/2 from the face of the support 

= _fl^,59S.82 x l0Q0 jlS06N/mn , 

bxd 350x1130 

The applied shear q u should be less than the maximum shear stress q u>rn ax 


a =0 7. =0.70.1— = 3.13 N I mm 2 ... >q u (1.506). ..o.k 

‘/..max tji.5 \i.5 


The presence of the tension force (P„=71.8 kN) decrease the concrete shear capacity of 
the frame by amount of 8 t where 
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a =S X0.24.P 2 -=0.949x0.24.1— = 1.019 AA /mm 1 
\ 1.5 V 1.5 

Since q u > q cu , the frame has to be provided with special reinforcement for shear. 


a = a _£*- = i.506-i^ = 0.997 N/mm 1 

“ su “ u 2 2 

Assume that steel yield strength of the stirmps is 360 N/mm 2 . Try two branches of 
stirrups with 10 mm in diameter (78.5 mm 2 ) 


A s , =2x78.5 = 157 mm 2 

The required stirrup spacing can be obtained using the following 

i . fyst 

sx? su x6 = /i„x— 

s X 0.997 X 350 = 157 —>—► s= 142.8 mm. 

Use 7010/m' (s=142 mm). This amount is greater than the minimum given by 


A . = —x350xl42 = 55.2 mm 2 <T„(157 mm'y.ok 

/ 360 

Note: For the middle third part of the girder and columns where the shear force is 
small, an amount of 5 O 10 /m' is used. At the intersection of the column and the 
footing the stirrups is increased to 10 O 10 /m'. 
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Sec. 6-6 


Sec. 7-7 


Sec. 8-8 


Reinforcement Detailing of the Frame (Continued) 



APPENDIX 




Design Charts for Sections 
Subjected to Flexure 
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Area of Steel Bars in cm 2 (used in Egypt) 



Area of Other Steel Bars in cm 2 



6 0.222 0.28 0.57 0.85 1.13 1.41 1.70 1.98 2.26 2.54 2.83 3.11 3.39 

8 0.395 0.50 1.01 1.51 2.01 2.51 3.02 3.52 4.02 4.52 5.03 5.53 6.03 

10 0.617 0.79 1.57 2.36 3.14 3.93 4.71 5.50 6.28 7.07 7.85 8.64 9.42 

13 1.042 1.33 2.65 3.98 5.31 6.64 7.96 9.29 10.62 11.95 13.27 14.60 15.93 

16 1.578 2.01 4.02 6.03 8.04 10.05 12.06 14.07 16.08 18.10 20.11 22.12 24.13 

19 2.226 2.84 5.67 8.51 11.34 14.18 17.01 19.85 22.68 25.52 28.35 31.19 34.02 

22 2.984 3.80 7.60 11.40 15.21 19.01 22.81 26.61 30.41 34.21 38.01 41.81 45.62 

25 3.853 4.91 9.82 14.73 19.63 24.54 29.45 34.36 39.27 44.18 49.09 54.00 58.90 

28 4.834 6.16 12.32 18.47 24.63 30.79 36.95 43.10 49.26 55.42 61.58 67.73 73.89 

32 6.313 8.04 16.08 24.13 32.17 40.21 48.25 56.30 64.34 72.38 80.42 88.47 96.5 

38 8.903 11.34 22.68 34.02 45.36 56.71 68.05 79.39 90.73 102.1 113.4 124.8 136.1 
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Area of Steel Bars in mm 2 (used in Egypt) 


0 

Weight 

Cross sectional area (mm 2 ) 





mm 

kg/m‘ 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

6 

0.222 

28.3 

56.5 

84.8 

113 

141 

170 

198 

226 

254 

283 

311 

339 

8 

0.395 

50.3 

101 

151 

201 

251 

302 

352 

402 

452 

503 

553 

603 

10 

0.617 

78.5 

157 

236 

314 

393 

471 

550 

628 

707 

785 

864 

942 

12 

0.888 

113 

226 

339 

452 

565 

679 

792 

905 

1018 

1131 

1244 

1357 

14 

1.208 

154 

308 

462 

616 

770 

924 

1078 

1232 

1385 

1539 

1693 

1847 

16 

1.578 

201 

402 

603 

804 

1005 

1206 

1407 

1608 

1810 

2011 

2212 

2413 

18 

1.998 

254 

509 

763 

1018 

1272 

1527 

1781 

2036 

2290 

2545 

2799 

3054 

20 

2.466 

314 

628 

942 

1257 

1571 

1885 

2199 

2513 

2827 

3142 

3456 

3770 

22 

2.984 

380 

760 

1140 

1521 

1901 

2281 

2661 

3041 

3421 

3801 

4181 

4562 

25 

3.853 

491 

982 

1473 

1963 

2454 

2945 

3436 

3927 

4418 

4909 

5400 

5890 

28 

4.834 

616 

1232 

1847 

2463 

3079 

3695 

4310 

4926 

5542 

6158 

6773 

7389 

32 

6.313 

804 

1608 

2413 

3217 

4021 

4825 

5630 

6434 

7238 

8042 

8847 

9651 

38 

8.903 

1134 

2268 

3402 

4536 

5671 

6805 

7939 

9073 

10207 

1134' 

|l247i 



Area of Other Steel Bars in mm 2 


<|> Weight 

-- 1 - 

mm kg/m' 


6 0.222 


8 0.395 


10 I 0.617 79 157 


Cross sectional area (mm ) 


9 10 11 12 


28.3 I 56.5 84.8 1113.11141.41 170 I 198 226 254 | 283 311 | 339 


50.3 1100.5 151 I 201 I 251 302 352 | 402 | 452 | 503 | 553 | 603 


236 1 314 I 393 I 471 I 550 | 628 | 707 | 785 | 864 | 942 


13 1.042 


133 I 265 398 I 531 I 664 I 796 929 1062 | 1195 | 1327 [ 1460 | 1593 


1810 2011 2212 2413 


16 | 1.578 201 402 603 804 1005 1206 1407 1608 

19 | 2.226 284 567 851 1134 Vm_ _1701_ Jl985^ 2268 2552 ) 2835 | 3119 [ 3402 

22 | 2.984 | 380 760 1140 1521 Jl901^ _2281_ Ji661_ _3041^ 3421 3801 | 4181 [ 4562 

25 | 3.853 | 491~ 982 1473 1963 2454 2945 3436 3927 4418 4909 1 5400 1 5890 

616 | 1232 | 1847 2463 3079 3695 4310 4926 | 5542] 61 58 | 6773 | 7389 

804 I 1608 I 2413 | 3217 j 40211 4&5 5630 6434 7238 8042 | 8847 | 9651 


28 | 4.834 


32 | 6.313 


38 I 8.903 I 1134 | 2268 | 3402 4536 5671 6805 7939 | 9073 11020 7 | 11341 |l2475| 13609 



































































































































































































































































































































































































































































































































































































































































































































Values of a and (3 for solid slab with live loads less than 5 kN/m 2 


r 1 

1.1 

1.2 

1.3 

1.4 1.5 1.6 

1.7 

1.8 

1.9 2 

a 0.35 

0.40 

0.45 

0.50 

0.55 0.60 0.65 

0.70 

0.75 

0.80 0.85 

P 0.35 

0.29 

0.25 

0.21 

0.18 0.16 0.14 

0.12 

0.11 

0.09 0.08 


a and p values for two-way hollow block slabs (Marcus values) 

r I 1.0 I 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 I 1.9 2.0 

a 0.396 0.473 0.543 0.606 0.660 0.706 0.746 0.778 0.806 0.830 0.849 

p 0.396 0.333 0.262 0.212 0.172 0.140 0.113 0.093 0.077 0.063 0.053 

a and p values for paneled beam slabs (Grashoffs values) 


r 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

a 

0.500 

0.595 

0.672 

0.742 

0.797 

0.834 

0.867 

p 


0.405 

0.328 

0.258 

0.203 

0.166 

0.133 


.2 1.3 


0.725 0.769 0.803 


2 0.615 0.642 


1.7 

1.8 

1.9 

2.0 

0.885 

0.897 

0.908 

0.917 

0.706 

0.722 

0.737 

0.750 
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DESIGN CHART FOR SECTIONS SUBJECTED TO 
SIMPLE BENDING (R and T-sections) 

FOR ALL GRADES OF STEEL AND CONCRETE 
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t— r 

■ 

-1-1 l 1 -J-1-L__ 

CW for f y =240 N/tnra 2 

□ 

<o ma ,. for f y =280 N/min 2 

• 

“max f° r fy =360 N/mm 2 


“„ux for fy =400 N/mm 

i ^ 
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DESIGN CHART FOR DOUBLY REINFORCED SECTIONS 
SUBEJCED TO SIMPLE BENDING. 

All types of steel (table 4-1). d'/d=0.05 


ntM 

WS 885mi giiBiMH 

banaw 

cuaiat^taa ciHR i 

88 w—wJ 

mam 


CM ^ CD 
O O p 
O O O 


CO 

o 

o 

CM 


CD 

x — 

CO 

o 

CM 

CM 

CM 

CM 

CD 

CM 

CO 

CM 

o 

cq 

CM 

cq 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 

d 


CD 00 
CO CO CO 

odd 


CM ^ CD CO O 

rj* ^ *0 

o d d d d 


A\ = a co b d 
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DESIGN CHART FOR DOUBLY REINFORCED SECTIONS 
SUBEJCED TO SIMPLE BENDING. 

All types of steel (table 4-1). d'/d=0.10 


1 

n 

■ 

1 1 1 1 1 1 1 

(0 m ax for f y =240 N/mm 2 

1 

□ 

co max for f y =280 N/mm 2 

1 

• 

“max f° r fy = 360 N/mm 2 

1 

A 

“max f° r fy =400 N/mm 2 


WmM 

vmm 


CN4^t<DOOOCv4^CDC0004'«t<DCOOCvi'^-CDOOgCVlM; 
OpOOT^^T-^v-;T-;CNi<NC4CNj04COCOCQcqCQTf'^ Tt 

ooooooooooooooooooo d> o o 

ii “ "-Irfrib 


f p 

A = 6 )bd^±— u — 

fy fy/r, 

A'=a cob d — 


472 


0.46 i 


APPENDIX 


Interaction Diagrams 
(Top and bottom steel) 
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f' xbxt 


Interaction Diagram for Rectangular Sections 
(Top and Bottom Steel) 


f y =240 N/mm 



mmmmmmmmwm 



0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 


A', P u 



/c X * X<2 


Cs P = P f c u* 10 
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Interaction Diagram for Rectangular Sections 
(Top and Bottom Steel) 




f y =240 N/mm 

a=0.60 

^=0.90 




0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 


A' s P u 



/„ x *x <Z 


M = Pf cu x 10 " 

_ F 

C c 4 = p xix t 

4 =a*A, 
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iiiimiiilEIlIi 


■Eli 


iSSSisgsMMHii 


f y =280 N/mm' 

a=1.0 

c=o.s 


sm 


SB 


■MBHBWMBaBIM 

mlmmm 


0.02 0.04 0.06 0.08 0. 


A s Py 



1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3 0.32 

M u 

f xbx.t z 

0.67 f n Jcu 

JL* L = p/.xl (P 

] a mr “* cl A.-^xbxt 
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=280 N/mm' 


ilHS 


B HW MM 
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■ilBIHli 


f y =360 N/mm 
a=0.60 
^=0.80 


iagnaeagaaM HI^BBil^l 

iagj«ssieiBMBMBBgBll 


■bhbHBMI 

mrnmmm 


M=Pfm Xl0 ~ 
A s = fi xbx t 
A' s =axA s 
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f y =400 N/mm 

cc=1.0 

^=0.9 
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Interaction Diagram for Rectangular Sections 
(Uniform Steel) __ 
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Ultimate Limit Design Chart for 
Eccentric Sections 


f y =240 N/mm 
R b = 0.10 
C= 0.9 
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Ultimate Limit Design Chart for 

Eccentric Sections 


f y =240 N/mm 
R b = 0.20 
Q =0.9 


I— ——M 


HH 

■BUUnH^sBrnan 

Wmmmsrnam 


gJBBI 


f cu bxt 

A s =0)x^-bxt 
f 

J y 

A[ - a A . 


A=cox 
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Ultimate Limit Design Chart for 
Eccentric Sections 
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Ultimate Limit Design Chart for 
Eccentric Sections 
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Interaction Diagram for Circular Sections 


f y =280 N/mm 


EsEssSaEBnl, 

SBBlSSBfiiBHaSg 
[ BBgg aiSBaSSBiBB MwMBB I 


■■ 


M = Pf*, xW " 
A tJota , = Mxr 2 
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Interaction Diagram for Circular Sections 


f y =400 N/mm 




gilliaa is J 

■— in nnir rririinnrariniTMM 
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Interaction Diagram for 
Hollow Circular Sections, 
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Interaction Diagrams 
for Box Sections 
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f y =360 N/mm 2 , C=0.85, X=0.25, R b -0-4 
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Units Conversion Table 


To transform from 

To 

Multiply by 

Si-units 

French -units 

factor 

Concentrated loads 



IN 

kg 

0.1 

1 kN 

kg 

100 

1 kN 

ton 


Linear Loads /m' 



1 kN/m' 

t/m' 

0.1 

Uniform Loads lm 2 



kN/m" 

t/m" 

0.1 

N/m" 

kg/m" 

0.1 

kN/m" 

kg/m 2 

100 

1 Stress 




kg/cm" 

10 

kN/m" 

kg/cm" 

0.01 

IcN/m 2 

ton/m" 

0.1 

Density 



N/m J 

kg/m 3 

0.1 

kN/m J 

ton/m J 

0.1 

kN/m J 

kg/m J 

100 

Moment 



kN.m 

ton.m 

0.1 

N.mm 

kg.cm 

0.01 

Area 



m" 

cm" 

10000 

mm" 

cm" 

0.01 
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